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ABSTRACT 
EFFECT OF ORGANIC SOLVENTS AND COSOLVENTS ON THE 
LIPASE-CATALYZED TRANSESTEREFICATION OF CANOLA OIL 
by 
Boyi Fu 
University of New Hampshire, September 2009 
In this thesis, the effect of organic solvents and cosolvents on enzymatic transesterification 
of canola oil by Candida antarctica lipase was investigated. Twenty-eight organic solvents 
were assessed and hydrophobic iso-octane was found to be the ideal solvent. Relatively 
high product yields were also obtained with several hydrophilic solvents possessing high 
miscibility with methanol. Various solvent-cosolvent mixtures were established to 
enhance both enzyme activity and mass transfer of substrates. Each mixture comprised a 
hydrophobic solvent and a hydrophilic cosolvent. At low cosolvent concentrations, 
biodiesel yield may be enhanced due to improvement in the dispersion of methanol in the 
cosolvent media. However, at higher cosolvent concentrations, biodiesel yield was reduced 
due to inactivation of lipase. Solvent parameters such as log P, dielectric constant, and 
Hildebrand solubility parameter, were correlated with biodiesel yields to explore their 





In the United, States, oil is the fuel of transportation. Coal, nuclear, hydropower and natural 
gas are primarily used for electric power generation. The U.S. with 5% of the world's 
population consumes 2.5% of the world's petroleum, 43% of the gasoline and 25% of the 
natural gas. Thus, due to diminishing petroleum reserves and the deleterious environmental 
consequences of exhaust gases from petroleum diesel, biodiesel has attracted attention 
during the past few years as a renewable and environmentally friendly fuel.1 
Baseci on the definition of EPA,2 biodiesel is a fuel consisting of mono alky esters of long 
chain fatty acids derived, from vegetable oil (such as soybean oil, canola oil, sunflower oil, 
palm oil, and so on) or animal fat (such as lard, grease, fish oil and so on). The specification 
of biodiesel is ASTM D6751,2 which determines the main physical and chemical 
Characteristics of biodiesel- All commercial biodiesel used in U.S. should meet ASTM 
D6751. 
The production of biodiesel is essentially based on the transesterification reaction shown in 
Figure 1.1. 
1 
CH2-QOC-Ri R4-OOC-R, CH2-OH 
Catalysis 
CH-OQC-R2 + 3R4OH - ^ :' ^ R4~OOC-R2 + CH2-OH 
CFf2-OOC-R.3 R4-OOC-R3 CH2-OH 
Triglyceride Alcohol Alkyl Ester Glycerol 
Figure .1.1 Transesterification reaction of triglyceride with alcohol 
Triglyceride is the main component of vegetable oil3'4 and animal fat.? Waste cooking oil 
from restaurants and factories can also be considered as the feedstock for biodiesel 
synthesis. Particularly, in waste cooking oil, there is a high content of free fatty acid (FFA) 
from the hydrolysis of triglyceride that could also be converted to biodiesel via the 
esterification reaction shown in Figure 1.2. 
Catalysis 
RiCOQH + R2QH - ^  ,' ^ R]COOR2 + H20 
Free Fatty Acid, Alcohol Alkyl Ester Water 
Figure 1.2 Esterification reaction of free fatty acid (FFA) with alcohol 
The alcohol works as an acyl-acceptor in the transesterification and esterification reactions. 
Currently, the most common alcohol used in biodiesel synthesis is methanol due to its low 
cost. The transesterification based on methanol is also called as methanolysis, for which 
the biodiesel produced is fatty acid methyl ester (FAME). Besides methanol, efhanol and 
propanol are also being employed in the academic research of biodiesel synthesis, and the 
corresponding products are fatty acid ethyl ester and fatty acid propyl ester.2'7 However, 
the manufacturing cost will increase if methanol is replaced by these alcohols. Thus, all 
commercial biodiesel in U.S today is based on FAME. Pure biodiesel is known as B100. 
Biodiesel is often used tg blend with the petroleum oil in the volume ratios of 5% (B5), 10% 
(BIO) and 20% (B20)." The commonly commercial biodiesel in U.S. is B20-
The primary advantages of biodiesel are: i) biodiesel is an energy efficient fuel. Life cycle 
analysis demonstrates that in biodiesel production, 2.5-3.5 units of energy are obtained for 
every one unit of energy input. Its use displaces petroleum oil at nearly a 1 -to-1 ratio; n) 
the use of biodiesel will npt increase the greenhouse gas emission. Biodiesel is generally 
derived from vegetable oil. When vegetable plants grow, they take the carbon from CO2 in 
the atmosphere. Hence with the conversion of vegetable oil to biodiesel, in some sense, 
CO2 is partially trans, formed into biodiesel. As biodiesel is burned, CO2 is returned to the 
atmosphere. Thus, the amount of CO2 does not increase during the use of biodiesel; ' m) 
tailpipe emission is reduced. Tailpipe emission mainly consists of the micro particulates, 
toxic CO, and hydrocarbons. Since biodiesel has an oxygen content of 11 wt%, combustion 
is more complete so that more tailpipe emission can be converted into non-toxic CO2 and 
H20. For 131Q0 the tailpipe emission is reduced by 90% and for B20 it is reduced by 30% 
compared to petroleum oil. In addition, because biodiesel molecules do not have sulfur, no 
SO2 will be produced when biodiesel is burned. However, for B20 NQX increases 2% 
compared to petroleum diesel;2 iv) Biodiesel improves engine performance. The cetane 
number is a measure of fueFs ignition delay referring to the timing period between the start 
of injection and start of combustion (ignition) of the fuel. Biodiesel has the higher cetane 
number (46-60) than petroleum diesel.8 So the ignition delay for biodiesel is smaller than 
petroleum diesel. Besides, biodiesel has good lubricity.2 For the blend of biodiesel with 
petroleum, e.g. B20, the total lubricity is better than petroleum oil, which is beneficial for 
3 
engine operation. In addition, unlike the highly viscous vegetable oil (viscosity around 40 
mm2/s), biodiesel has a viscosity (4 to 5 mm2/s)9_u comparable to petroleum diesel (1.3 to 
4.1 mm2/s);2,10 v) the production and use of biodiesel are easy. Unlike petroleum diesel, 
only one or two reactions are needed for biodiesel synthesis. Commercial biodiesel, such as 
1320, has very similar characteristics to No.2 diesel.2 Thus, current engines can directly use 
biodiesel with no or few modifications; vi) Biodiesel is a safe fuel. Owing to the high 
boiling point (237 9C at 20 mm Hg), biodiesel is nearly non-volatile. Its flash point 
is >130 °C and is much higher than that of petroleum oil (64 °C).8 Since biodiesel is 
composed of mono fatty acid esters, it is biodegradable. The energy density of B100 is 8% 
lower than petroleum diesel.2'10 But this difference can be ignored in B2Q. In biodiesel 
storage, care must be taken to minimize water content since the hydrolysis of biodiesel 
occurs easily. 
The majority of biodiesel today is produced via transesterification catalyzed by 
homogeneous base / acid catalysts, such as NaOH,12"14 KOH13'15 and H2SQ4.16'17 In 
homogeneous base catalyzed reactions, the reaction time is relatively short,1 but the 
vegetable oil and alcohol must be substantially anhydrous, and the oil must have a low FFA 
content because the presence of water and/or FFA promotes saponification. The soap 
formed lowers the yield of biodiesel and renders the downstream separation of the products 
difficult. Thus, additional steps to remove any water and either FFA or soap from the 
reaction mixture are required. Acid catalysts have a strong catalytic activity in the 
esterification reaction but low activity in the transesterification reaction.16'18 Both 
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homogeneous base and acid catalysts are corrosive to the manufacturing plant and have 
potential risks for the environment and human health.1 "21 
Heterogeneous base / acid catalysts have also been investigated. However, so far the 
catalytic efficiency is still lower than the homogeneous ones;21 thereby the reaction should 
be performed at a high temperature (>150 °C). Heterogeneous catalysts still have low 
tolerance to water (< 5 wt% of oil).19'21 Thus, a pretreatment step of water removal is 
required. Besides, for the heterogeneous base the FFA content should be kept lower than 5 
wt. % of oil.22'23 
A relatively new and promising development in the production of biodiesel is applying 
lipase as the catalyst. Lipase has high enzymatic activity for both transesterification and 
esterification reactions at a reaction temperature between 35 and 60 °C.2 ' 5 Unlike 
alkali-based reactions, the product in lipase-catalyzed reactions can easily be collected and 
separated. Moreover, enzymes require much less alcohol to perform the reaction, and can 
be reused despite some loss in activity at the end of each cycle. ' ' The two primary 
obstacles in enzyme-catalyzed reactions are i), the immiscibility of the two substrates, 
namely hydrophilic methanol and hydrophobic triglyceride, resulting in the formation of 
an interface leading to mass transfer resistance; and ii), the strong polarity of methanol, 
which tends to strip the active water from the enzyme's active site leading to enzyme 
deactivation.7'28 The addition of an organic solvent as the medium to the reaction system 
might simultaneously overcome the two limitations by enhancing the solubility of oil and 
5 
methanol in the solvent, and by limiting the concentration of methanol surrounding the 
enzyme. 
The solvent effect can be shown in Figure 1.3. When no solvent exists, there is a high 
concentration of methanol encircling the enzyme particles and stripping the water from the 
lipase molecules that renders the enzyme inactive. Meanwhile, owing to the difference in 
polarity, triglyceride cannot dissolve well in methanol, which causes the formation of an 
interface thereby restricting mass transfer. The addition of solvent dilutes the concentration 
of methanol surrounding the enzyme and limits water stripping by methanol, hence 
protecting enzyme activity. If the solvent added is hydrophobic, the non-polar 
microenvironment around the enzyme will attract the hydrophobic triglyceride molecules 
leading to an increase in triglyceride concentration, which is beneficial to the 
transesterification reaction. Furthermore, mass transfer of reaction improves as a result of 
triglyceride and methanol dissolving into the solvent that reduces the interface between 
triglyceride and methanol. Ideally, triglyceride and methanol should co-exist in one 
homogeneous solvent phase. 
< Enzyme J> { E 
Solvent addition 
X 
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Figure 1.3 The micro reaction environment with and without solvent. 
This thesis reports the results of a systematic study of solvent effects based on distinct 
functional groups on the enzymatic transesterification reaction. In this study, twenty-eight 
hydrophilic and hydrophobic solvents from seven organic groups (alkane and cycloalkane, 
ketone, ether, ester, alcohol, nitrile, and derivatives) were evaluated as possible media in 
the methanolysis of canola oil by immobilized Candida antarctica lipase, to gain a more 
comprehensive understanding of solvent effects on the transesterification reaction. 
Based on these results, a solvent-cosolvent mixture was established as the reaction media 
consisting of a hydrophobic solvent and a hydrophilic cosolvent, in order to further 
improve the reaction yield. In addition to organic solvents, water also plays a significant 
role in the reaction by changing the conformation of enzyme. Thus, in this thesis, the effect 
of water content on the biodiesel production by Candida antarctica lipase was tested. 
In this solvent engineering study, solvent parameters such as hydrophobicity (log P), 
polarity (dielectric constant, e), and solubility (Hildebrand solubility parameter, 5), were 
correlated with the corresponding biodiesel yields, with the goal of investigating their 
potential relationship to enzyme activity. For the solvent-cosolvent mixture, the measure 
of the average polarity, log Pm;x, was correlated with the corresponding biodiesel yield to 
explore their potential relationship. 
The organization of this thesis is as follows: Chapter 2 deals with the Literature Review on 
biodiesel synthesis; Chapter 3 discusses the Experimental Methods; Chapter 4 presents the 
7 






Current research on the synthesis of biodiesel can be classified into the following five areas: 
i) the source of substrates, namely triglyceride and acyl-acceptors, for the synthesis of 
biodiesel; ii) reaction kinetic mechanism; iii) chemical catalysis for this transesterification, 
including the application of inorganic basic and acidic catalysts, as well as biocatalysts; iv) 
solvent effects on the biodiesel synthesis, especially in enzyme-catalyzed processes; v) 
operations and reactors involving traditional batch reactors, continuous reactors, as well as 
novel membrane reactors and micro-channel reactors. 
2.2 Substrates for Biodiesel Synthesis 
2.2.1 Triglyceride 
The synthesis of biodiesel contains two substrates, triglyceride and acyl-acceptors. As the 
primary components in the oil and fat, triglyceride can be widely obtained from animal, 
vegetable and microorganisms. For animal tallow, grease, ' fish oil, and lard have 
been used in biodiesel production. In particular, high yields (0.76-0.87 g biodiesel/g oil) of 
FAME were obtained via enzymatic transesterification reactions based on lard with 
methanol catalyzed by Candida sp. 99-125.32 The more common triglyceride source is 
9 
plant oil. So far, many kinds of edible and inedible oil from oleaginous plants grown in 
different regions have been successfully employed in the synthesis of biodiesel in the 
laboratory with FAME yields higher than 0.90 g/g oil, such as the soybean oil,3"5"35 
sunflower oil,",6'j7 canola oil,14'"58'39 Jatropha oil (inedible),40 palm oil,7'4' olive oil,6 and 
cottonseed oil,15'42 etc. This strengthens the flexibility of biodiesel production around the 
world, because the industrial manufacturing of biodiesel will be able to perform based on 
the local oleaginous plant in a given geographical region. For instance, current production 
of biodiesel is primarily from soybean oil in the U.S., from canola oil in Canada,3 and from 
sunflower and palm oil in Brazil.3,43 
However, the high price of fresh oil increases the cost of biodiesel. Furthermore, 
large-scale production of biodiesel based on edible oil will lead to insufficiency of food. 
The use of waste oil as the triglyceride source is one promising approach for biodiesel 
production. A large amount of waste oil is being produced from factories and restaurants 
annually. For example, the U.S. produced in excess of 11 billion liters of waste vegetable 
oil in 2000 mainly from fast food restaurants and snack food factories. Around 1% of U.S. 
petroleum oil consumption could be offset if the energy included in the waste oil was 
recovered,44 and the potential contamination from the waste oil will be avoided 
simultaneously. The major obstacles lie with the high contents of FFA and water in waste 
oil that will promote the saponification and the hydrolysis of esters.1 Currently, biodiesel 
synthesis based on oils with high free fatty acid content are realized in laboratory via a two 
step-synthetic process that firstly converts fatty acids to FAME by esterification and then 
converts remained triglyceride to FAME.21'45 The first step is crucial. Ngo et al.30 reported 
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that the conversion of free fatty acid to ester had reached 95-99% based on a family of 
diarylammonium catalysts. Wang et al.46 also obtained a similar result through the use of 
solid feme sulfate. Recently, lipase was employed and showed high catalytic activity in 
biodiesel synthesis based on waste oil. The yields of methyl ester were reached 0.88-0.98 
g/g oil based on the restaurant grease and oil catalyzed by immobilized lipases of 
Pseudomonas cepacia47 and Rhizopus orzyae,A% respectively. Lara and Park have 
reported biodiesel synthesis with waste vegetable oil absorbed on activated bleaching earth 
(oil content is around 40 wt% of earth). The reaction catalyzed by Candida cylindracea 
lipase attained a yield of 0.96 g/g oil. It has industrial potential since 50,000 tons of this 
waste is produced annually in Japan.3 Recently, a 50,000 t/y commercial biodiesel plant 
was started in China using local waste oil. Approximately 1.1 tons of waste restaurant oil 
could produce 1 ton biodiesel via this plant.49 
The oil supply from microalgae has attracted attention in recent times. Compared to 
traditional oleaginous crops, the primary benefits of oil production from microalgae are: i) 
it can be grown on non-arable land such as deserts, swamps or oceans thus having no effect 
on food production; ii) it has the potential for higher oil yield than that of oil crops.8 
Chistii0 claimed that microalgae biodiesel seems to be the only renewable biodiesel that 
has the potential to meet the global demand for transport oil, and it is better than bioethanol 
since the energy content of biodiesel is 1.6 times that of bioethanol. However, the 
economic viability indicated that it is still not comparable with petroleum oil.5 Biomass 
productivity is a key parameter for the economic evaluation of biodiesel production from 
algae. Possible improvements may come from genetic and metabolic engineering and the 
11 
use of photobioreactors.51'52 Li et al.3"' reported their research on the biodiesel production 
from the heterotrophic microalgae Chlorella protothecoides in an 11,000 L bioreactor. 
Through heterotrophic cultivation, the lipid content reached 44.3% of cell dry weight. The 
biodiesel yield from this lipid obtained 6.24 g/L after 12 h, via the Candida sp. 99-125 
lipase-catalyzed transesterification. Lately, Liu et al.34 studied the iron effect on the growth 
and lipid accumulation in microalgae Chlorella vulgaris and found that the increase of the 
chelated FeJ + stimulated the oil production of microalgae. The oil content added up to 56.6% 
biomass by dry weight, which is comparable with oil crops (50-60%>). 
2.2.2 Acvl-accet>tors 
The second substrate for the synthesis of biodiesel is the acyl-acceptor, including alcohol 
and acetate.2",'5;> Presently, the most common acyl-acceptor used both in laboratory and 
industry is methanol because of its low cost. However, current production of methanol is 
mainly dependent on fossil fuels, and its high toxicity indicates the potential health risk 
during manufacture. Furthermore, during biodiesel synthesis, the hydrophilic methanol 
produces a phase interface with the hydrophobic triglyceride leading to mass transfer 
resistance. In the enzymatic transesterification, the high polarity of methanol tends to strip 
the water from enzyme molecules and triggers enzyme deactivation. The primary solution 
to mitigate this currently is in the nature of methanol addition (please see Section 2.4.3(b)) 
and the choice of solvent (Section 2.5.1). Ethanol is the other common acyl-acceptor. J' ,56 
The main advantages of ethanol are its higher hydrophobicity and energy content than 
methanol, and the fact that it can be produced from biomass via fermentation. But the cost 
of ethanol is still higher than methanol, and it has higher viscosity than methanol limiting 
12 
the reaction rate. Other higher alcohols (alcohols with carbon > 2) and short chain acetates, 
such as propanol, butanol, and methyl acetate, have also been used in the enzymatic 
synthesis of biodiesel recently because of their high non-polarity compared to methanol 
and the reactions showed high product yields (0.80-0.98 g/g oil).7'47''5 But the high cost still 
becomes the bottleneck to replace methanol. 
2.3 Kinetics of transesterification 
The overall transesterification reaction for biodiesel synthesis was shown in Figure 1.1. In 
particular, the production of biodiesel based on oil and methanol is shown in Figure 2.1. 
CH2-OOC-R, CH3-OOC-R! CH2-OH 
Catalysis 
CH-OOC-R2 + 3CH3OH »- CH3-OOC-R2 + CH2-OH 
CH2-OOC-R3 CH3-OOC-R3 CH2-OH 
Triglyceride Methanol Methyl Ester Glycerol 
Figure 2.1 Transesterification of triglyceride with methanol (methanolysis) 
It is clear that 1 mol triglyceride reacts with 3 mol methanol to produce 3 mol methyl ester 
and 1 mol glycerol. Further investigations indicate that diglyceride and monoglyceride are 
detected as intermediates during the transesterification reaction catalyzed by KOH ' and 
NaOH.i9"61 The relationship of triglyceride, diglyceride, monoglyceride, methyl ester, 
glycerol and methanol is shown in Figure 2.2,57 based on which the overall reaction is 
divided into three consecutive reversible reactions i) a triglyceride molecule firstly reacts 
with one methanol to produce a methyl ester molecule and one diglyceride; ii) the 
13 
diglyceride produced then reacts with a methanol molecule to produce a monoglyceride 
and a methyl ester; iii) the monoglyceride further reacts with one methanol to produce a 
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> 5 7 , . , • Figure 2.2 Kinetic modeling curves and experimental points for the composition of reaction mixture 
during Brassica carinata oil methanolysis at temperature of 25 °C and stirring of 600 rpm (triglyceride, 
x; diglyceride, • ; monoglyceride, O; glycerol, +; methyl ester, *; methanol, D). 
The simulation of reaction kinetics of biodiesel synthesis in terms of the above three 
CO 
consecutive reversible reaction mechanism were conducted based on a batch reactor, a 
CSTR, 7 a plug flow reactor,61 and a membrane reactor.59 The results showed good 
agreement with experiments. 
Biodiesel synthesis through enzymatic transesterification with methanol62 and enzymatic 
interesterification with methyl acetate63 (Figure 2.4) also follows the kinetic mechanism of 
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three consecutive reversible reactions. Furthermore, the measurement of FFA in the 
enzymatic transesterification showed that its content increased initially and then went 
down,'" suggesting that in each consecutive reversible reaction shown in Figure 2.3, 
triglyceride/diglyceride/monoglyceride first hydrolyzed to FFA, and then FFA are 
converted to methyl ester with methanol via esterification (Figure 2.5). 
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.64 The quantitative models of initial reaction rates in the enzymatic transesterification and 
interesterification63 were later built based on the Ping Pong Bi Bi mechanism, which 
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CH,OH - . RCOOCH, 
Free Fatty Acid Methanol Methyl Ester 
Figure 2.5 Esterification of FFA with methanol 
H,0 
Water 
2.4 Chemical Catalysis 
2.4.1 Base Catalvsts 
In traditional biodiesel production, the reaction is primarily catalyzed by homogenous base 
catalysts, such as sodium hydroxide, potassium hydroxide, sodium methoxide, and 
potassium methoxide,13'65,66 in which methyl ester with high yield (>0.8 g/g oil) and 
concentration (nearly 100%) could be acquired in a short reaction time (20-60 min). 
However, the oil used must be pretreated to remove the FFA and water. FFA will trigger 
saponification with the homogenous base catalysts, such as NaOFf, as shown in Figure 2.6. 
The soup formed will mix with glycerol produced and create an emulsion,1 which 
complicates the separation of product. Water contained in the oil causes hydrolysis of 
esters (Figure 2.7), which decreases biodiesel yield. For conventional processes using 
homogenous catalysts, the FFA content in the feedstock must be lower than 0.50% and 
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water content lower than 0.06%.l9 Therefore, waste oil with high content of FFA and water 
could not be used. Furthermore, homogenous base catalysts are corrosive to the 
manufacturing plant, and the residue after reaction may cause environmental 
contamination. 
RCOOII + NaOH • RCOONa + H20 
Figure 2.6 Saponification of FFA with sodium hydroxide 
NaOH 
RjCOORo + H20 ~ *- R,COOH + R2OH 
Figure 2.7 Hydrolysis of mono fatty acid ester 
A potential substitute is heterogeneous base catalysts based on metal oxides, such as 
CaOJ,'°' and MgO.DS Different from homogeneous catalysts, heterogeneous base catalysts 
can be easily separated and recycled after reaction, and corrosion to plants is much less. 
However, longer reaction time and/or higher reaction temperature is required.69'70 Di Serio 
et al.71 found that the activity of MgO and hydrotalcites is dependent on the basic sites and 
structural texture. If the super basic sites are activated, the reaction temperature can be kept 
at 100°C; whereas the temperature should be increased to 200°C if only middle basic sites 
are working. The catalysts with mesoporous structure may be better than those with 
microporous structure since it is easy for triglyceride to reach the active sites. Besides, 
leaching of heterogeneous catalysts was detected during transesterification: Kouzu et al.72 
found that the insoluble CaO partially converts to calcium diglyceroxide initially, which 
then alters to the soluble substrates during the reaction. These soluble substrates also have 
strong catalytic activity and can be removed by the cation-exchange resin after reaction. In 
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order to prevent the lixiviation of catalysts, Ca06/ and MgO68 were impregnated onto the 
mesoporous supports, such as SBA-15 and MCM-41. No lixiviation was detected in 
CaO/SBA-15.67 Recently, multiple metal oxides, zeolites, and layered double hydroxide 
were investigated/3 Li et al.74 studied the mixed oxide catalysts derived from 
Mg-Co-Al-La layered double hydroxide and found that the high yield of methyl ester was 
attained based on Mg2CoAl. No obvious loss of activity was detected after 7 cycles. Yan22 
and Babu et al.73 showed that the combination of Lanthanum oxide with ZnO, CaO, and 
MgO in the molar ratio of 1:3 can increase the activity of catalysts in transesterification and 
esterification. However, the studies indicate that current heterogeneous catalysts can only 
successfully catalyze waste oils with FFA no more than 3.6%,22 which still could not 
satisfy the requirement of waste oil (FFA>30%). Some research results based on the 
heterogeneous catalysts are listed in Table 2.1. 
Table 2.1 Biodiesel production based on a range of heterogeneous base catalysts 
Catalyst 
KOH on MgO39 
Calcinated CaC03 3 5 

































































































ZnO-La20319 Soybean oil Methanol 4 2 ; 1 2QQ 
Waste cooking oil Methanol 
„. Soybean oil 
Ti02/S042° Castor oil Methanol 6:1 120 
" ACA represents the acyl-acceptor (methanol or ethanol in here) 
J
 Ratio refers to the molar ratio of acyl-acceptor to oil 
c
 Unit of temperature is °C 
Unit of time is h 
e
 Yield denotes the yield of methyl ester (or ethyl ester); the unit is g/g oil 
2.4.2 Acid Catalysts 
The homogeneous acid catalyst, H2SO4,16 has high activity in the esterification of FFA to 
FAME, but low efficiency for the transesterification of triglyceride. It has serious 
disadvantages with respect to corrosion, and an environmental impact similar to 
homogeneous bases. Thus, a variety of heterogeneous acid catalysts were investigated to 
replace H2SO4. 
Zeolites, ion-exchange resins, and metal compounds, e.g. H-type mordenite with Si/Al 
molar ratio - 10 (HMOR(IO)),79 Amberlyst-15,80'81 W03/Zr02,81'82 Cs-doped 
H4S1W12O40,83 sulphated zirconia,80 tungstated zirconia,84 and zinc stearate silica gel, 
showed high efficiencies in FFA conversion (80-93%) at 60-75 °C. However, their 
activities for transesterification are still low at a reaction temperature lower than 200°C. 
Amberlyst-15 especially loses the thermal stability as the temperature exceeds 180°C. 
Sulfonic acid was considered to have catalytic activity, and it was covalently immobilized 
onto polystyrene73 and silica (SBA-15)86. Transesterification with soybean oil and tallow 
containing FFA of 26 wt% indicated that the high FAME yields were obtained. But long 
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reaction time and/or high temperature was required, and the molar ratios of alcohol to oil 
are much higher than that with base catalysts 73 
Two heteropoly acid catalysts, CS2.5H0.5PW12O40 and H4PNbWn04o/W03-Nb205, were 
reported recently. Chai et al.87 stated that the transesterification based on Eruca sativa Gars, 
oil catalyzed by CS2.5H0.5PW12O40 achieved a FAME yield of 0.96 g/g oil in 1 h at 60 °C, 
which exhibited promising potential in biodiesel production. The reaction with 
H4PNbWi i04o/W03-Nb20570 also displayed high yield of FAME (0.81 g/g oil) at 100 °C. 
But the addition of oleic acid drastically reduced its activity, which demonstrates that its 
tolerance to free fatty acid is still low. Several studies in heterogeneous catalysts are listed 
in Table 2.2. 
Table 2.2 Biodiesel production based on a range of heterogeneous acid catalysts 
Catalyst 
Zinc stearate silica gel 














































" ACA represents the acyl-acceptor (methanol or ethanol in here) 
Ratio refers to the molar ratio of acyl-acceptor to oil 
c
 Unit of temperature is °C 
Unit of time is h 
e
 Yield denotes the yield of methyl ester (or ethyl ester); the unit is g/g oil 
-'FFA content equals 15 wt% based on ref. 86 
8
 FFA content equals 26 wt% based on ref. 73 
FFA content equals 2.8 wt% based on ref. 70 
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Based on the research of acidic sites, Di Serio et al.6y proposed that the catalysts having 
strong Bronsted acid sites are active in esterification reactions while those having strong 
Lewis acid sites are active in transesterification mainly. Therefore, increasing both 
Bronsted acid sites and Lewis acid sites of heterogeneous catalysts are possible aspects for 
future study. 
2.4.3 Enzymes 
A relative new and promising development in biodiesel production is via enzymatic 
transesterification with lipase as the biocatalyst. Compared to base and acid catalysts, 
lipase has essential advantages i) the transesterification and esterification can be 
simultaneously catalyzed by lipase at a low temperature (40-70°C). This indicates that the 
waste oil containing high content of FFA can be used as the feedstock in biodiesel 
synthesis, and the energy consumption will be low because of the low reaction temperature; 
ii) no soap forms during the reaction which simplifies the separation and purification of 
biodiesel and glycerol; iii) lipase can be easily biodegraded which greatly reduces any 
potential environmental contamination; iv) lipase is not corrosive to the production plant; v) 
the immobilized lipase can be simply separated and reused with high catalytic activity; vi) 
much less methanol is required to perform the reaction. 
(a) Lipase sources 
By now, a variety of lipases from specific microorganisms have been applied to the 
biodiesel synthesis. Royon et al.42 conducted transesterification of cottonseed oil with 
methanol catalyzed by immobilized Candida antarctica lipase (Novozyme 435) in 
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tert-butanol solvent, and a methanolysis yield of 0.97 g/g oil was achieved after 24 h at 
50 °C. Dizge and Keskinler38 reported that the enzymatic production of biodiesel from 
canola oil was successfully performed via immobilized Thermomyces lanuginosus lipase. 
The maximum yield of methyl ester was 0.9 g/g oil under optimal reaction conditions. 
Shah and Gupta used Pseudomonas cepacia lipase in the transesterification of Jatropha 
oil and obtained a methyl ester yield of 0.98 g/g oil at 50 °C in 8 h. Chen et al.48 studied the 
enzymatic activity of Rhizopus orzyae lipase in the biodiesel production based on waste 
cooking oil with an acid value of 5.96 mg KOH/g oil. With three-stepwise methanol 
additions, the product yield also reached 0.9 g/g oil after 35 h at 40 "C. Some recent 
research results are listed in Table 2.3. 
Table 2.3 Lipase-catalyzed transesterification of oil/fat with various acyl-acceptors 










C. sp. 99-J2532 
C. sp. 99-12524 
P. fluorescens 























































































P. expansion Waste oil5 Methanol 1:1*3 35 7 0.93 
a
 AC A represents the acyl-acceptors (methanol, ethanol and methyl acetates in here) 
Ratio refers to the molar ratio of acyl-acceptor to oil. The numbers after the symbol of * represent 
the times of stepwise addition of acyl-acceptors 
' Unit of temperature is °C 
' Unit of time is h 
e
 Yield denotes the yield of methyl ester (or ethyl ester); the unit is g/g oil 
^FFA content equals 3 wt% based on ref. 48 
g
 FFA content equals 27.3 wt% based on ref. 89 
(b) Acyl-acceptors 
The most common acyl-acceptor for lipase-catalyzed synthesis of biodiesel is methanol 
owing to its low cost. However, as stated before, the strongly polar methanol tends to 
distort the water-enzyme interaction, causing enzyme deactivation. Two approaches were 
adopted. One is to add methanol stepwise with the aim of reducing the concentration of 
methanol in the reaction microenvironment.90 The ideal molar ratio of methanol to oil is 
3:1. Nie et al.24 designed stepwise methanol addition from 1 to 10 times. The results 
showed that methyl ester yield increases with increase in stepwise number up to 3. As the 
number of stepwise exceeds 3, methyl ester yield remains constant, which demonstrates 
that the optimal number of methanol addition is 3. Ranganathan et al. stated that any 
methanol to oil ratio above 1.5 will lead to inhibition of the enzyme. Higher alcohols and 
methyl acetate with lower polarity were also evaluated. Hsu et al.47 performed biodiesel 
synthesis based on restaurant grease with ethanol, butanol, iso-butanol, propanol and 
iso-propanol. The yields of alkyl esters were in the range 0.52-0.94 g/g oil with Candida 
antarctica lipase (Novozyme SP435), and in the range 0.46-0.97 g/g oil with Pseudomonas 
cepacia (Amano IM PS-30). Du et al.55 employed methyl acetate as the acyl-acceptor to 
prepare biodiesel through interesterification. They found that the optimal methyl acetate to 
oil ratio was 12:1, and that 0.92 g/g oil methyl ester yield was obtained after 14 h. The 
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second method to control the methanol concentration is the addition of solvent which will 
be stated in detailed in Section 2.5.1. 
(c) Temperature and Mixing 
The normal temperature range in enzymatic transesterification is 35-70 °C (Table 2.3). 
With increase of temperature, the viscosities of substrates decrease, which enhances the 
mass transfer of reaction. But too high a temperature will cause enzyme inhibition. Salis et 
al. studied the temperature effect on methanolysis based on immobilized Pseudomonas 
fluorescens lipase and found that the FAME yield initially improved with temperature 
increase till 40 °C, and then sharply descended as temperature exceeded 50 °C. Previous 
research proved that the equilibrium conversion during enzymatic transesterification is 
not affected much by temperature since the heat of reaction is low (-18.5 kj/mol FAME at 
25 °C). Another method to reduce mass transfer resistance is by altering the mixing or 
stirring speed. Reasonable stirring speed is in the range of 100-250 rpm. Shen and 
Vasudevan2i investigated the effect of mixing on the biodiesel production and found the 
product yield does not significantly change when the stirring speed is in the range 150 to 
400 rpm. They suggested setting the mixing speed at 150 rpm to reduce possible enzyme 
deactivation due to shear stress. 
(d) Effect of water addition 
The addition of water can enhance enzyme activity and stability in general. Enzyme 
activity relates to the exposure of active sites through changes in enzyme conformation. 
Dizge and Keskinler38 explained that this process requires the presence of a water-oil 
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interface. Water addition will facilitate the formation of water-oil interface, which 
improves enzyme activity. However, in this case, the appearance of water can also 
facilitate the hydrolysis of esters, which will reduce the product yield. Therefore, there 
could be an optimal amount of water addition that ensures the maximum degree of 
biodiesel production while keeping the hydrolysis at the minimum level. 
Two parameters for determining water addition, namely water activity (aw) and water 
content, have been used in previous investigations. Water activity, defined as the ratio of 
vapor pressure of the given system to that over pure water (P/Pi-ho), illustrates the amount 
of water that is not bound and can be evaporated." It is measured by either a capacitance or 
a dew point hygrometer.92 Ma et al.93 studied the transesterification of ethyl decanoate to 
hexyl decanoate with hydrolysis to decanoic acid as the competing reaction via Candida 
rugosa and Rhizopus orzyae lipase. The results showed that different optimal "aw" values 
exist for specific enzymes: for Candida rugosa, the highest activity appears at aw = 0.53; 
while for Rhizopus orzyae, aw = 0.06. Hsu et al.47 researched the transesterification of 
grease based on lipases from Candida antarctica and Pseudomonas cepacia, and 
suggested that the lipase-catalyzed alcoholysis reactions are best conducted at aw less than 
0.5. Instead of water, Talukder et al.41 added aqueous LiCl solution into the reaction mix 
catalyzed by Candida antarctica lipase, and found that the maximum biodiesel yield was 
obtained in the presence of a saturated solution of LiCl, which has the lowest water activity 
(aw = 0.113). 
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Compared to aw, "water content" is a more common parameter used both in research and in 
large-scale production, because its control and measurement is much easier. ' Water 
content is usually determined based on the amount of solvent, substrate or enzyme by 
weight or volume. For enzymatic biodiesel synthesis, there are different optimal values 
based on different lipase sources in the range between 0 and 20%. Al-Zuhair et al.95 studied 
the change in FAME concentration at different water content for reactions catalyzed by 
lipase from Mucor miehei, and observed that the maximum value emerges at a water 
content less than 10% (based on the volume of solvents). In Shah and Gupta's40 research on 
biodiesel synthesis from Jatropha oil, Pseudomonas cepacia lipase was found to have the 
highest activity in the presence of 4-5%> water (by weight of enzyme). However, in the 
metbanolysis of waste cooking oil with Rhizopus orzyae lipase, Chen et al.48 reported the 
optimum water content is 50% by weight of substrate. 
Besides lipase source, the alcohols and solvents used can also affect the optimum water 
content in enzymatic transesterification. Zhao et al.33 reported that in ethanolysis catalyzed 
by Pseudomonas fluorescens lipase, the maximum alkyl ester yield was reached at 10 % 
(v/v) water content, whereas in methanolysis, the maximum appeared at 5% (v/v) water 
content. Lu et al.96 discussed the methanolysis of trioleate with different solvents at 
different water content (0-10% based on trioleate weight), and found that for hydrophobic 
solvents the methyl ester yield increases with increase in water content, while for 
hydrophilic solvent the opposite behavior was observed. 
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In this thesis, the effect of water content (based on the volume of oil) on biodiesel synthesis 
from canola oil catalyzed by Candida antarctica lipase was investigated (the results are 
reported in Section 4.7). 
(e) Other treatments for enzymatic biodiesel synthesis 
97 
Several treatments have been put forward to improve the biocatalysis. Nishigaki et al. 
lyophilized Candida rugosa lipase in aqueous tetrahydrofuran solvents before reaction to 
improve enzyme activity and stability. In enzymatic esterification of FFA, excess water is 
produced that will cause the hydrolysis of esters. Li et al.89 tested the effect of adsorbents 
on water removal, and observed an increase in FAME yield after the addition of adsorbents. 
Since enzyme inhibition can be partially attributed to glycerol formation, Bako et al. 
studied in-situ glycerol removal by dialysis. 
(f) Enzyme immobilization 
Enzymes can be recycled through different immobilization techniques. Currently, 
immobilized lipases employed in the synthesis of biodiesel are prepared via adsorption, 
entrapment and encapsulation in which a support is required. For instance, Novozyme 435, 
the most commonly used commercial lipase, is produced by adsorbing Candida antarctica 
lipase onto a macroporous resin.98 Dizge et al ." immobilized Thermomyces lanuginosus 
lipase onto a microporous polymeric matrix in the forms of monoliths, beads and powders, 
respectively. Nie et al.24 selected a textile membrane as the support to immobilize Candida 
sp. 99-125 lipase. Moreira et al.43 immobilized six lipases onto polysiloxane-PVA 
composites and tested their catalytic activity in the transesterification of palm oil with 
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ethanol. Kawakami et al.100 entrapped Rhizopus orzyae lipase onto a silica monolith by a 
two-step sol-gel method. Recently, Macario et al.101 reported the encapsulation of 
Rhizomucor miehei lipase in a highly ordered mesoporous matrix by a sol-gel method. 
They found that the lipase can be activated by the hydrophobic inner environment of the 
matrix. Meanwhile, the mesoporous structure can absorb the triglyceride, which will 
enhance the mass transfer during transesterification. 
Enzyme cross-linking, a novel immobilization methodology with no need for carriers has 
also been investigated, which immobilizes the enzyme as the cross-linked enzyme 
aggregate (CLEA). The operation procedure of cross-linking consists of two steps that: i) 
precipitation of the enzyme from the aqueous buffer to the enzyme aggregate via specific 
participants, such as methanol, acetone,103 iso-propanol,104 and polyethylene glycol, etc; 
ii) covalent cross-linking of the enzyme aggregate by the cross-linking agents. The most 
common one is glutaraldehyde. Compared to methods that rely on carriers or supports, 
cross-linking integrates immobilization and purification into one step, so that the product 
with high purity can be simply prepared from the crude feedstock.10 Furthermore, 
lyophilization is not needed, which reduces the cost. 
So far, many enzymes including lipases from Candida antarctica A/B, ' ' Candida 
mgosa,m Psendomonas cepacia,106 and Mucor javanicus,110 have been prepared to form 
CLEAs with high activities. Sheldon102 compared the enzyme activity and stability of 
Candida antarctica lipase-B CLEA (CALB-CLEA) and Novozyme 435, and found that 
after modification, CALB-CLEA has much higher activity than Novozyme 435 in the 
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enantioselective acylation of 1-phenethylamine in both aqueous and organic media. 
Moreover, unlike Novozyme 435, no lipase leaching was detected since the linking of 
1 0^ 
protein molecules is based on the formation of a covalent bond. Schoevaart et al. tested 
the filtration aspects of CALB-CLEA. The results showed that the CALB-CLEA with 1 
//.m size (diameter with a small deviation) can pass the 0.2 /xm filter, which indicates that 
the CLEA has some freedom of movement that is beneficial for enzyme activity. However, 
this also suggests that the CLEA recycle is difficult.36 Yu et al.109 studied the factors that 
influence the particle size of CLEA for the enzyme Candida rugosa lipase, and concluded 
that the primary factors are the enzyme and glutaraldehyde concentration. The traditional 
cross-linking is non-directional. Recently, Kim et al.110 tried cross-linking of lipase in 
linear pore channels of SBA-15 and obtained one-dimensional CLEA expressing better 
stability. 
Kumari et al.106 recently published their study of biodiesel production based on 
Pseudomonas cepacia CLEA. 92% conversion was achieved after 2.5 h, which is much 
faster than that based on free lipase (6 h) for the same enzyme activity. This demonstrates 
the feasibility of using CLEA in transesterification. The enzymatic activities of lipases 
immobilized on different supports and on CLEA need to be further investigated. 
2.4.4 Nanostructured Catalysts 
Heterogeneous catalyst activity is surface dependent in general.'11 Materials, such as metal 
oxide, reduced to the nano-scale (1-100 nm) can show much larger surface/volume ratio 
compared to what they exhibit on the macro-scale.112 Hence, with the goal of increasing 
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surface area and concentration of active sites, several metal oxides and complexes were 
prepared in the form of nanocrystals and nanotubes, for the transesterification reaction. 
Reddy et al.113 firstly utilized commercial nanocrystalline CaO in biodiesel synthesis from 
soybean oil. The results indicated that methyl ester yield exceeded 0.95 g/g oil at room 
temperature while almost no product was observed in the reaction based on macro-scale 
CaO. Nanocrystalline MgO114,115 and A1203116 were studied later (Table 2.4). Wang et al.23 
prepared mesoporous nano KF/CaO-MgO catalyst by the co-participation method. This 
nanostructured catalyst is efficient for transesterification with rapeseed oil (Table 2.4), but 
the catalytic activity obviously decreased as the FFA content exceeded 5%. Thus, it is still 
not viable for waste oil feedstock. 
Recently, Li et al.1'7 reported Zn doped heteropoly acid nanotubes, Zni.2Ho.6PWi204o-
Compared to FFjPW^C^othat only has Bronsted acid sites, zinc imparts Lewis acid sites to 
the catalyst. The reaction based on waste oil with a FFA content of 26.89 wt.% obtained a 
methyl ester yield of 0.97 g/g oil after 12 h at 65 °C (Table 2.4), displaying much higher 
activity than H3PW12O40/WO3-ND2O5 (Table 2.2) in both transesterification and 
esterification reactions. But its water-tolerance is no more than 4%. So pretreatment for 
removing water is still necessary. 
In addition to directly being utilized as catalysts, nanomaterials also were considered as 
excellent supports for enzyme immobilization. Compared to traditional enzyme carriers 
introduced previously, nanomaterials have unique advantages i) much larger surface can be 
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provided for enzyme attachment;118 ii) the support size can be uniformly controlled at the 
nanometer scale, which is similar to the size of enzyme molecules;119 iii) the 
nano-supported enzyme can better disperse in the reaction medium thereby enhancing the 
catalytic interface; iv) magnetic nano-enzyme has super paramagnetism that allows it to be 
aggregated in the presence of an external magnetic field and then separated from the 
reaction media for recycling. When the magnetic field is removed, no magnetism is 
retained allowing the nano-enzyme to automatically separate again.118'119 
The immobilization of enzyme on nano-support includes the traditional adsorption120 and 
covalent linking techniques.118'121 Besides, several new methods are also being 
investigated, such as nano-encapsulation, nano-entrapment, enzyme aggregate coating on 
nanomaterials, and ship-in-a-bottle approach for immobilizing enzyme in nano-porous 
materials. ' For instance, Ge et al.122 studied the encapsulation of Candida rugosa lipase 
in a polyacrylamide nano-gel. They found that the encapsulated lipase maintained the 
native configuration and exhibited high activity for transesterification of dextran with vinyl 
decanoate with dimethyl sulfoxide as solvent, in which the free enzyme is deactivated. 
Aside from Candida rugosa lipase, lipase from Pseudomonas cepacia was also 
successfully immobilized on surfactant treated zirconia nanoparticles.120 This nano-lipase 
formed showed high activities and enantioselectivity in the transesterification of 
(R,S)-1-phenylethanol with vinyl acetate and in the esterification of (R,S)-ibuprofen with 
propanol in iso-octane solvent. Thereby, it may have activity to the transesterification for 
biodiesel synthesis. 
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.123 Recently, nano-lipase was firstly applied to biodiesel production. Xie and Ma covalently 
immobilized Thermomyces lanuginosa lipase on magnetic Fe3C>4 nanoparticles. 0.9 g/g oil 
methyl ester yield was obtained in the transesterification of soybean oil with methanol 
(Table 2.4). No serious loss of enzyme activity was observed after four times reuse. 
Table 2.4 Biodiesel synthesis based various nanostructured and sugar catalysts 
Catalvst Oil ACA" Ratio* Temp.c Time* Yield' 
Lipase-Fe304 Nanoparticle1 
Nano KF/7-Al20: 116 
Nano KF/CaO-MgO 23 
,113 Nanocrystalline CaO 
Nanocrystalline MgO114 
Zn,.2H0.6PW12O, 117 
Sugar from D-glucose 124 


















































" ACA represents the acyl-acceptors (methanol in here) 
' Ratio refers to the molar ratio of acyl-acceptor to oil. The numbers after the symbol of * represent the 
times of stepwise addition of acyl-acceptors 
c
 Unit of temperature is °C 
Unit of time is h 
e
 Yield denotes the yield of methyl ester (or ethyl ester); the unit is g/g oil 
•^ FFA content equals 26.89 wt% based on ref.125 
g
 FFA content equals 27.8 wt% based on ref. 126 
2.4.5 Sugar catalysts 
21 Sugar catalysts, consisting of stable sulphonated amorphous nano-graphene units, are 
novel heterogeneous carbon catalysts derived from biomass such as glycerol, glucose, 
cellulose, sucrose, and starch, These catalysts can be produced by sulfonation of 
incompletely carbonized biomass or incomplete carbonization of sulfonated aromatic 
hydrocarbons. For instance, in the first case, the essential procedure consists of i) 
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pyrolysis that incompletely carbonizes the biomass at 300-500 °C to produce polycyclic 
aromatic carbon rings, and ii) sulfonation that covalently attaches -SO3H groups to the 
carbon rings. "^ Through this approach, the sugar catalysts formed have an acid strength 
comparable to H2SO4." Thus, it has the potential to replace homogenous acid catalysts. 
The -SO3H group belong to the Bronsted acid group. As stated before, the Bronsted acids 
should have strong activity for esterification reaction in general. Like sulfonated carbon 
catalysts, " research with sugar catalysts from different biomass sources have confirmed 
the hypothesis that the conversion of FFA to FAME in esterification exceeds 90%. 
Comparison with sulfated zirconia, Amberlyst-15, zeolites, and niobic acid catalysts, the 
starch-derived catalyst has the highest activity.124'128 Moreover, Lou et al.12:> reported that 
these sugar catalysts from D-glucose, cellulose, sucrose, and starch have strong catalytic 
activity for biodiesel synthesis from waste cooking with high FFA content (27.8%). They 
observed that FAME yield of 0.92 g/g oil was achieved based on a starch-derived catalyst 
at 80 °C after 8 h (Table 2.4). The catalytic activity maintained even after fifty recycles, 
which demonstrates that the sugar catalyst is appropriate for biodiesel synthesis, especially 
when processing waste oil. Hara21 postulated the following reaction mechanism: first the 
triglyceride is hydrolyzed to FFA by the sugar catalyst, and then the FFA formed is 
converted to FAME in esterification. His group129 also found that the sugar catalyst has a 
high activity to catalyze the hydrolysis of cellulose. 
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2.5 Solvent effects 
2.5.1 Organic solvents 
In lipase-catalyzed biodiesel synthesis, there are two primary obstacles i), the immiscibility 
of the two substrates, namely hydrophilic methanol and hydrophobic triglyceride, results in 
the formation of an interface leading to mass transfer resistance; and ii), the strong polarity 
of methanol, which tends to strip the active water from the enzyme's active site, leading to 
enzyme deactivation. The addition of an organic solvent as the medium in the reaction 
system might simultaneously overcome the two limitations by enhancing the solubility of 
oil and methanol in the solvent, and by limiting the concentration of methanol surrounding 
the enzyme. 
It is noteworthy that the oil is highly viscous and restricts mass transfer during reaction. 
The total viscosity of reaction media will be reduced after the addition of a solvent with 
low viscosity. Additionally, the separation and recycle of solvent after reaction is simple. 
Hydrophobic solvents can be easily separated from biodiesel by distillation since the 
biodiesel is almost non-volatile. In the case of hydrophilic solvents, two phases emerges 
after reaction. The biodiesel produced forms a hydrophobic phase while the solvent and 
glycerol are in the hydrophilic phase. The two phases could be separated through 
decantation. The solvent can be further distilled from glycerol due to differences in boiling 
points. 
Several organic solvents have been employed in the lipase-catalyzed synthesis of biodiesel. 
Soumanou and Bornscheuer130 applied 6 solvents in the enzymatic transesterification of 
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biocliesel based on lipase from Pseudomonas fluorescens, Rhizomucor miehei and 
Thermomyces lanuginosa. The results indicated that different solvents have distinct effects 
for specific lipases. For example, for a particular enzyme, the activity of the enzyme varies 
in the presence of different solvents, whereas for a particular solvent, activities for different 
lipases (with the same activity) are different. This conclusion was confirmed by Lara and 
Park/ and Zhao et al.33 Tan and his co-workers tested the solvent effects of hydrophilicity 
and hydrophobicity on biodiesel production catalyzed by Candida sp. 99-125 lipase. '"'" 
They found that lipase showed higher activity when lipase presented as a suspension in 
hydrophobic solvents generally, and suggested hexane and petroleum ether as solvents. 
But exceptional hydrophilic solvents also exist. Royon et al.42 and Du et al."7 proposed that 
teTt-butanol can be considered as a good solvent since high FAME yields had been gain. 
Recently, Su and Wei94 reported that mefhanolysis with ter/-pentanol as solvent resulted in 
higher biodiesel yield compared to tert-butanol. 
In Su and Wei's study, the reaction yields based on several hydrophilic solvents, such as 
dioxane, are comparable to those based on hydrophobic solvents. They explained that 
hydrophilic solvents are miscible with methanol thus reducing the concentration of 
methanol around the enzyme. They designed a co-solvent mixture containing a 
hydrophobic solvent and a hydrophilic solvent. The results demonstrate that the maximum 
reaction yield (0.61 g/g oil) appeared at a co-solvent mixture containing 25 vol% 
tert-pentanol and 75 vol% iso-octane. This value is higher than for pure iso-octane (0.08 
g/g oil) and pure tert-pentanol (0.28 g/g oil). 
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There are three parameters to estimate the characteristics of solvent: logarithm of 
distribution coefficient (log P), dielectric constant (e), and Hildebrand solubility parameter 
(8). 
log P, defined as the logarithm of the ratio of concentrations of an un-ionized compound in 
octanol and water phases at equilibrium, is calculated using the following equation: 131 
I n a P - W rcompound]octanoi ^nua f inn 9 H 
l 0 g F
 ~
 l 0 g
 [compound]^?"lzed (-quat.on 2.1) 
where [compound]octanoi and [compound]WBter un",onized refer to the un-ionized compound 
concentrations in the octanol and water phase, respectively. Laane et al."b suggested that 
the enzyme activity is high in non-polar (hydrophobic) solvents with log P > 4, low in polar 
(hydrophilic) solvents with log P < 2, and moderate in solvents with log P e (2,4). In 
particular, for a mixture of two compounds, a and b, the semi-empirical equation 2.227'28 
can be used to quantitatively determine their average polarity, called as log Pm;x. In 
equation 2.2, log Pa and log Pb refer to the corresponding log P values of a and b; while xa 
and Xb denote the molar fractions of a and b. 
log Pmix = xa * log Pa + xb * log Pb (Equation 2.2) 
e, defined as the ratio of the field without the dielectric (Eo) to the net field with the 
dielectric (E) shown in equation 2.3,U2 is primarily used to assess the polarity of a solvent. 
The solvents are normally classified as polar (e > 50), semi-polar (20 < e < 50), or 
non-polar (1 < e < 20).133 
e = E0 / E (Equation 2.3) 
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6 is a useful indicator to estimate the solubility behavior of a solvent. Two solvents having 
similar values of o are likely to be miscible.lj4 The equation is shown below:Ij5 
g = /AHvap-RT (Equation 2.4) 
where AHvap is the enthalpy of vaporization of liquid;1 j6 R equals 8.314 J/mol.K; Vm is the 
molar volume of liquid, and the unit of the temperature (T) is K. 
Laane et al. proposed that log P is superior to other parameters because it is a direct 
measure of the polarity of solvents. Lu et al.96 correlated the biodiesel yields of 
transesterification reactions based on different solvents with corresponding parameters of 
log P, e and 8. No clear rule was observed between the yield and e or 5. Only log P has a 
positive relationship with biodiesel yield. But in the investigation of resolution of 
tert-leucme by penicillin G acylase, a positive relationship between the reaction rate and e 
was reported.13' 
Therefore, in this thesis, the relationship between the enzyme activity (as biodiesel yield) 
and log P, e and 8 of solvents were determined (please see Section 4.4 and 4.6). Equations 
2.1, 2.3 and 2.4 were used in the study of solvent effects, and Equation 2.2 was used in the 
study of solvent-cosolvent media effects. 
2.5.2 Ionic liquids 
The main disadvantages of organic solvents are their high volatility and toxicity resulting 
in potential risks for human beings. Therefore, ionic liquids, the novel non-volatile 
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solvents essentially only composed of poorly coordinating ions, have been used in 
biodiesel production as alternative solvents. 
Many ionic liquids have low combustibility, high thermal stability and excellent 
solubilities with a wide range of inorganic and organic materials at room temperature. The 
most significant characteristic of ionic liquids is that they have negligible vapor 
pressure, J ' J which means ionic liquids are promising substitutes to volatile organic 
solvents widely used in chemical industries. But the much more expensive cost compared 
to organic solvents limits their application presently. 
Several ionic liquids have been applied as solvents in the lipase/base/acid-catalyzed 
biodiesel synthesis (Table 2.5). Ha et al.140 screened 23 ionic liquids in transesterification 
based on Candida antarctica lipase, and found that the enzyme has the highest activity in 
the presence of [Emim].[TfO]. Gamba et al.141 tested the activities of 10 lipases in 
hydrophobic [BMrM].[TNf2], [BMMJ.fPFe] and in hydrophilic [BMrM].[BF4]. The 
results showed that Pseudomonas cepacia lipase in [BMIM].[TNf2] has the highest activity 
in the transesterification of soybean oil with methanol. Their group later employed 
[BMTM].[TNf2] as a solvent in the reaction based on K2CO3 and H2SO4, respectively. The 
experiments indicate that K2CO3 and H2SO4 can dissolve in the ionic liquid. In the case of 
K2CO3, the catalytic activity was considerably reduced after one run; while for H2SO4, the 
catalytic activity remained more or less the same up to 5 cycles.142 
The separation of product is simple. Biodiesel produced does not dissolve in polar ionic 
liquids so that two phases emerge after reaction: the upper layer includes the biodiesel and 
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some glycerol, and the lower layer includes the ionic liquid, alcohol and the remaining 
glycerol. After purification, the ionic liquids can be reused.140'14 
The acidity of catalyst depends on the anion. Thus, ionic liquids can be functionalized as 
homogeneous acid catalyst after adding the Bronsted or Lewis acidic anion. Recently, 
Liang et al.14j used [Et3NHJCl.LA.lCl3] having the Lewis acidic anion as the catalyst in the 
transesterification of soybean oil. As expected, a high FAME yield was obtained (Table 
2.5) since the Lewis acid is efficient for transesterification. But the FFA-tolerance of this 
catalyst is poor since Lewis acid has low activity for esterification. In contrast, Han et al. 
and Zhang et al.139 added the -SO3H group to form Bronsted acid ionic liquids. It is not 
surprising that a high conversion of FFA was achieved since the Bronsted acid has high 
efficiency for esterification. Han et al.144 further tested its activity for an acidic oil with 84% 
FFA and a cottonseed oil with 2.2% FFA. In both cases, a high yield of FAME (> 0.9 g/g 
oil) was obtained at 170 °C after 5 h (Table 2.5). The possible explanation is that as in the 
case for heterogeneous Bronsted acid catalysts, Bronsted acid sites show catalytic activity 
around 200°C, or as in the case of sugar catalysts, the catalyst first catalyzes the hydrolysis 
of triglyceride to FFA followed by FFA conversion to FAME via esterification. Further 
studies are needed. 
Based on previous studies, it is probably worthwhile to study addition of metal complex 
anions and/or cations possessing both Bronsted and Lewis acidic sites to the ionic liquid, 
with the aim of getting an ionic liquid catalyst efficient both in transesterification and 
esterification at low temperatures (<100 °C). 
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Table 2.5 Transesterification reaction for biodiesel synthesis based on various ionic 
liquids 
Catalyst Oil Alcohol Ratio" Temp.* Timec Yieldrf 
C. antarctica in [Emim].[TfO] 
P. cepacia in [BMIMHTNf,]1' 
K2C03 in [BMIiM].[TNf2]142 
H2S04 in [BMIM].[TNf2]142 
140 
[Et3NH]Cl.[AlCl3] 143 






































" Ratio refers to the molar ratio of acyl-acceptor to oil. 
Unit of temperature is °C 
cUnit of time is h 
Yield denotes the yield of methyl ester (or ethyl ester); the unit is g/g oil 
e
 IL represents the ionic liquid 
^ FFA content equals 84 wt% based on ref.145 
s
 FFA content equals 2.2 wt% based on ref.145 
2.6 Operation and Reactors 
The most common reactor configuration for biodiesel production is a batch reactor with 
stirring or shaking. To further improve the productivity, several continuous reactors have 
been investigated. For instance, Groisman and Gedanken143 designed a continuous flow 
microwave reaction system for biodiesel production catalyzed by KOH by combining a 
domestic microwave oven (DMO) with a circulating pump. Nie et al. established a 
continuous fixed bed reactor by adding Candida sp.99-125 lipase particles to the reaction 
columns. They suggested that the flow velocity is crucial to maximize productivity. Dube 
and his co-workers14'17 proposed a semi-continuous micro-porous membrane reactor that 
removes the methyl ester produced from the reactor by permeating the membrane. 
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A micro-channel reactor, having advantages of high surface/volume ratio, heat and mass 
transfer rates, and a short diffusion distance, was recently applied in the biodiesel synthesis 
on homogeneous base catalysts. Sun et al.13 investigated biodiesel production in a capillary 
microreactor, and observed that a high biodiesel yield was obtained only in 5 min, much 
faster than that based on batch reactors (> lh). The decrease in channel size is beneficial to 
the product yield and reaction time because the smaller channel size can produce smaller 
substrates droplets that increase the reaction interface. Based on the study of the zigzag 
microreactor, Wen et al.j4 further suggested that in addition to the channel size, the number 
of turns also has a positive influence on the reaction. Their calculation indicates that the 
energy consumption in a microreactor (54.5 J/g biodiesel) is much lower than in a batch 
reactor (133.2 J/g biodiesel). 
Ultrasonic irradiation has been applied to replace stirring and shaking of biodiesel. 4 
Ultrasonic power and ultrasonic frequency are the primary design factors. The results 
indicate that the reaction time needed for high biodiesel yield (> 0.9 g/g oil) is 5-30 min, 
which is lower than that for a batch reactor. But based on data from Mahamuni and 
Adewuyi's study,147 the energy consumption (258 J/ g biodiesel) is higher than that for a 
batch reactor. 
Another alternative approach is biodiesel synthesis based on non-catalytic supercritical 
alcohol techniques.148 High biodiesel yield can be achieved in a short time (5 min) without 
any catalyst.149 However, the operation needs high temperature (>239 °C) and high 
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pressure (>8.1 MPa) to keep the alcohol in the supercritical phase, 3 which will definitely 





In this thesis, the effects of solvents, cosolvents and water content on the lipase-catalyzed 
synthesis of biodiesel were investigated, including the following three aspects: 
i) Effects of organic solvents on the transesterification of canola oil catalyzed by 
Candida antarctica lipase; 
ii) Effects of solvent-cosolvent mixtures on the transesterification of canola oil catalyzed 
by Candida antarctica lipase; 
iii) Effects of water content on the transesterification of canola oil catalyzed by Candida 
antarctica lipase. 
3.2 Materials 
Fresh canola oil was purchased from ConAgra Foods, Inc., Omaha, NE, USA. Candida 
antarctica lipase B immobilized on macroporous resin (Novozyme 435) with an 
approximate activity of 10,000 units/g, methyl oleate (>98 wt. %), ethyl oleate (>98 wt. %) 
and iso-octane (HPLC grade) were all purchased from Sigma-Aldrich, St. Louis, MO, 
USA. HPLC grade methanol, hexane, octane, acetone, methyl tert-butyl ether (MTBE), 
acetonitrile and iso-propanol were all purchased from Fisher Scientific, Pittsburgh, PA, 
USA. Pure tert-butanol was purchased from J. T. Baker Chemical. Co., Phillipsburg, NJ, 
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USA. 99% pure decane, dodecane, methyl acetate, 1,4-dioxane, and diisopropyl ether were 
bought from Acros Organics, Geel, Belgium. Analytical grade butanone, 3-pentanone, 
methyl iso-butyl ketone (MIBK), 1,2-dichloroethane, tetrachloromethane, chloroform, 
ethyl acetate, 1-propanol, 1-butanol, and iso-butanol were obtained from the excess 
inventory at the University of New Hampshire (UNH). 4-heptanone and tetrahydrofuran 
(THF) with purities of 99%, iso-amyl alcohol (ACS certified grade), and dried molecular 
sieve with 3 A were also obtained from UNH. In the study of solvent effect on biodiesel 
synthesis, methyl iso-propyl ketone (MEPK) and 1,2-dimethoxyethane were obtained from 
the excess inventory at UNH; in the solvent-cosolvent study, MIPK (98%) was purchased 
from Acros Organics, Geel, Belgium, and 1,2-dimethoxyethane (>99%) was purchased 
from Sigma-Aldrich, St. Louis, MO, USA. 
3.3 Synthesis of Biodiesel 
3.3.1 Study of Solvent Effects on Biodiesel Synthesis 
40 ml glass vials with PTFE/silicone septa from Kimble, Vineland, NJ, USA were used as 
reactors to produce biodiesel. The reaction system contained 0.075 g (750 U) enzyme 
particles, 4 ml solvent, and 1 ml canola oil. To minimize the denaturation of lipase caused 
by methanol, exactly 62 /il methanol (molar ratio of methanol to oil = 1.5) was added 
stepwise to the reactor at 0 h and 10 h, respectively. Hence the total molar ratio of methanol 
to oil was kept at 3:1 (144 /il methanol). The vial was sealed by Parafilm after the addition 
of reactants to prevent vaporization of methanol and organic solvent. The reaction was 
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carried out in a constant temperature water bath at 40 °C and a stirring speed of 250 rpm. 
The reaction was stopped after 21 hours. 
3.3.2 Study of Solvent-Cosolvent Effect on Biodiesel Synthesis 
40 ml glass vials with PTFE/silicone septa were used as reactors, in which 0.075 g enzyme 
particles (750 U) and 1 ml canola oil were added. The total amount of solvent-cosolvent 
mixture added was kept at 4 ml in this study. Each cosolvent was mixed with the solvent 
iso-octane according to the following volume ratios: 0.5: 99.5, 1: 99, 2.5: 97.5, 5: 95, 10: 
90, 15: 85, 25: 75, 35: 65, and 50: 50 (cosolvent: solvent, v/v). 62 JX\ methanol (molar ratio 
of methanol to oil = 1.5) was added at the beginning of reaction. Thus, the maximum yield 
of fatty acid methyl ester (FAME) is 0.5 g biodiesel/ g oil (calculations are shown in 
Appendix B). The reaction was carried out in a constant temperature water bath at 40 °C 
with a stirring speed of 250 rpm, and was stopped after 3.5 h. 
3.3.3 Effect of Water Content on Biodiesel Synthesis 
Prior to the experiment, iso-octane, methanol, and canola oil were dried using 3A 
molecular sieves to eliminate all water in these chemicals.151 Glass vials of 40 ml with 
PTFE/silicone septa were chosen as reactors, in which 0.075 g lipase particles (750 U), 4 
ml iso-octane, 1 ml canola oil, and 62 fil methanol were added, respectively. The molar 
ratio of methanol to oil was 1.5. The demineralized water content in the reactor was set at 0, 
0.25, 0.5, 1,2.5, 5, 7.5, and 10 vol% with respect to canola oil. The reaction was carried out 
in a water bath at 40 °C with a stirring speed of 250 rpm, and was stopped at 4 h. 
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3.4 Analysis Method 
In the solvent study, 30 /il samples were collected at 0 h, 3 h, 5 h, 10 h, 12 h and 21 h, 
respectively. In the studies of solvent Ucosolvent mixture and water content, two 30 }il 
samples were collected periodically (at 3.5 h in the solvent ucosolvent study, and at 1.5 h 
and 4 h in the study of water content). Thereby, each data point shown in the figures of 
solventncosolvent study and water content study is the mean value of the two samples. 
Each sample collected was then diluted with 1 ml iso-octane for GC analysis. 
The concentration of methyl ester, ethyl ester and other mono fatty acid esters (MFAE) 
were measured by a HP 5890 gas chromatograph with a Restek RTX-1 column (15 m x 
0.32 mm x 3 /mi). Helium with a purity of 99.99% was chosen as the carrier gas. The 
column was initially set at a temperature of 185 °C and ramped up to 200 °C in 1.5 minutes 
and then maintained at this value. The temperatures of injector and flame ionization 
detector were maintained constant at 275 °C. Methyl oleate and ethyl oleate were 
employed as biodiesel standards in the GC analysis. 
The GC analysis indicates that the peak of methyl ester appears around 16-17 min, as 
shown in Figure 3.1. The calculation of methyl ester amount is based on the peak area of 
methyl ester and the corresponding standard curve. The yield of methyl ester was 
determined as the mass of methyl ester produced per initial mass of oil (g methyl ester / g 
oil). Sample calculations are shown in Appendix B. 
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Figure 3.1 Peaks of methyl oleate produced in the transesterification reaction at 3 h, 5 h, 10 h, and 21h, 
respective!}'. 
As shown in Figure 1.1 and Figure 2.4, biodiesel is mono fatty acid ester (MFAE) derived 
from oil via transesterification or interesterification. In this study, methanol was selected as 
the acyl-acceptor in the transesterification reaction. Methyl acetate and ethyl acetate were 
chosen as the acyl-acceptors in the interesterification reaction. Thus, the corresponding 
biodiesel formed are the fatty acid methyl ester (FAME) and fatty acid ethyl ester (from 
ethyl acetate). In the study of effects of solvent and cosolvent where higher alcohols 
(alcohols with carbon number > 2) were used, these higher alcohols, such as propanol, 
iso-propanol, butanol, and tert-butanol, also participate in the transesterification of oil to 
produce the corresponding MFAEs of propyl ester, iso-propyl ester, butyl ester and 
ter/-butyl ester, respectively. Figure 3.2 shows the peaks of methyl ester and tert-butyl 
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ester in the GC analysis. Similar to methyl ester and ethyl ester, the yield of MFAE was 
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Figure 3.2 Peaks of methyl ester and tert-bvAyl ester in the transesterification reaction at 3 h, 5 h, 10 h, 
and 21 h, respectively. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 Introduction 
The results are divided into the following sections: 
i) Effect of solvents: twenty-eight hydrophilic and hydrophobic solvents from seven 
organic groups (alkane and cycloalkane, ketone, ether, ester, alcohol, nitrile, and 
derivatives) were evaluated as possible media in the methanolysis of canola oil by 
immobilized Candida antarctica lipase, to gain a more comprehensive understanding of 
solvent effects on the transesterification reaction. 
ii) Effect of solvent-cosolvent mixtures: based on the results from the previous section, 
solvent-cosolvent mixtures were created, consisting of a hydrophobic solvent and a 
hydrophilic cosolvent, in order to further improve the reaction yield. iso-Octane was 
selected as the hydrophobic solvent, and six hydrophilic solvents (acetone, MIPK, 
dimethoxyethane, iso-propanol, tert-butanol, and dioxane) were each mixed with 
iso-octane in different ratios to form the solvent-cosolvent mixture. These mixtures were 
used in the enzymatic transesterification of canola oil to enhance biodiesel yield. 
iii) Correlation of the solvent parameters, including hydrophobicity (log P, and log Pm;x 
for solvent-cosolvent mixture), polarity (dielectric constant, e), and solubility (Hildebrand 
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Solubility Parameter, 8), with corresponding biodiesel yields, with the aim of investigating 
their potential correlation with enzyme activity. 
iv) Effect of water content: water was added to Candida antarctica lipase to study the 
effect of water addition on enzyme activity. 
4.2 Selection of Solvents 
The preliminary screening of solvents was based on solvent characteristics and reaction 
conditions i) log P- Solvents with low log P values exhibit strong hydrophilicity triggering 
enzyme deactivation.28 Thus, solvents with log P less than zero such as dimethyl sulfoxide 
(DMSO) and diglyme were not chosen in this study (1,4-dioxane was used as a cosolvent 
to investigate the influence of strong hydrophilic cosolvent on lipase activity); ii) Boiling 
point- The typical reaction temperature in enzymatic biodiesel synthesis is 35~45°C.6'24 
Hence the rational boiling points of solvents should be higher than this range, which 
resulted in the elimination of solvents like dimethyl ether, diethyl ether and pentane from 
further consideration; iii) Viscosity- One essential aim of adding solvent is to reduce mass 
transfer resistance by decreasing viscosity of the reaction mixture. The dynamic viscosity 
of biodiesel is in the range of 4 to 6 cP at 20~40°C;2'9"U thus the desirable value for solvent 
viscosity should be less than 4 cP, based on which, solvents in the alcohol group with 
carbon number greater than five were not considered; iv) Toxicology quality- In keeping 
with the trend of green synthesis, toxic solvents like benzene, toluene, and chlorobenzene, 
were not evaluated in this study. 
50 
Several physical properties of substrates and solvents used in this study together with the 
corresponding final yields of biodiesel at 21 h are listed in Table 4.1. A derived parameter, 
a, was introduced to demonstrate the similarity of 8 values between solvent and 
triglyceride: 
0" = I 6Solvent ~ ^triglyceride I ( E q u a t i o n 4 . 1 ) 
A low value of o is desirable since it indicates better miscibility between the solvent and 
triglyceride. 
Table 4.1 Physical properties of substrates and solvents, as well as the final yields of 




































































































































































































































































" Pynamic viscosity with unit of cP at 25°C from ref.137 (iso-octane from ref. 152, PME from ref. 
153 and dioxane from ref. 154) 
* Boiling point with unit of °C at 760 mm Hg from ref.lj6 (triolein at 18 mm Hg and methyl oleate at 
20 mm Hg) 
c
 Logarithm of partition coefficient (from ref. 155) 
rfPielectric constant at 25 °C from ref. 136 (methyl oleate from ref.156, diisopropyl ether from ref. 157, 
acetonitrile from ref.158 , and dioxane from ref.159) 
eHildebrand solubility parameter with unit of caf'^.cm"1'3 at 25 °C 
•^ Final biodiesel yield at 21 h (g/g oil) 
4.3 Effect of Solvent on Biodiesel Synthesis 
4.3.1 Solvent Effect of Alkanes & Cvcloalkanes 
Alkanes and cycloalkanes have strong hydrophobicity (high log P), excellent stability, and 
solubility for organic compounds.160 Six solvents in this group (cyclohexane, hexane, 
iso-octane, octane, decane, and dodecane) were employed in this study. As shown in 
Figure 4.1, with the sole exception of iso-octane, biodiesel yield increased with increase in 
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log P from cyclohexane (0.382 g/g oil) to decane (0.501 g/g oil). The reason that dodecane 
(0.493 g/g oil) had a biodiesel yield similar to decane is probably due to its relatively high 
viscosity (Table 4.1). The highest yield (0.831 g/g oil) was obtained with isooctane as 
solvent, and may be due to its unique side-chain molecular structure containing three 
methyl groups. This could have resulted in better mixing with triglyceride and methanol 
compared to linear and cyclic alkanes. 
It is important to note that methanol was added stepwise initially and at 10 h in all 
experiments in this study. The plot for iso-octane in Figure 4.1 indicates that after 5 h, 
almost all of the methanol added at 0 h was converted to methyl ester; therefore, the yield 
showed a lower rate of increase in the subsequent period. At 10 h, an additional 1.5 mol 
equivalent of methanol (62 /xL) was added to the reactor, which resulted in a larger rate of 
increase in the yield. However, for other solvents, the low biodiesel yields at 10 h 
demonstrate that not all the methanol was consumed. Thus, stepwise addition of methanol 
at 10 h resulted in the inhibition of the enzyme followed by a concomitant reduction in the 
rate of increase in yield for about 2 h following the addition, as is evident in Figure 4.1. 
Figure 4.2 shows the volume effect of solvent on biodiesel production, which suggests that 
the optimal volume ratio of solvent to oil is 4:1. It is also interesting to note that stepwise 
addition of methanol resulted in considerably higher yields than a single addition of 
methanol at the start of the experiment. Hence, stepwise addition of methanol is necessary 
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Figure 4.1 Effect of alkane and cyclohexane solvents on methanolysis of canola oil catalyzed by 
Candida antarctica lipase. Reaction conditions: 1 ml canola oil, 4 ml solvent, 0.075 g (750 U) lipase, 
40 °C temperature, 250 rpm. 1.5 mol equivalent methanol (62 fil) was added into the reaction system at 
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Figure 4.2 Volume effect of solvent on biodiesel yield. 1.5 mol methanol (62 fil) was added to the 
reactor at 0 h, 10 h, respectively. "Single methanol" refers to methanol addition at 0 h. Other reaction 
conditions: 1 ml canola oil, 0.075 g (750 U) lipase, 40 °C temperature, 250 rpm stirring. 
4.3.2 Solvent Effect of Ketone 
Solvents in the ketone group are typical reaction media for biotransformation.161'162 But 
none has been utilized in the biocatalytic synthesis of biodiesel except acetone. Hence six 
solvents, namely acetone, butanone, MIPK, 3-pentanone, MIBK, and 4-heptanone, were 
evaluated in this study. The results shown in Figure 4.3 reveal that the biodiesel yield of 
0.513 g/g oil at the end of the run with MIPK, a hydrophilic and polar aprotic solvent that 
does not have a strong tendency to strip the water from the enzyme's active site, is 
comparable to the highest yield (0.501 g/g oil) obtained with decane in the alkane group of 
solvents barring iso-octane. Similarly, acetone (0.416 g/g oil) and hexane (0.407 g/g oil) 
show similar results. Furthermore, the plots in Figure 4.3 indicate that biodiesel yields 
during the initial 10 h period with MEPK and acetone are higher than that of decane. It is 
conceivable that methanol is better dispersed in the aprotic ketone solvent thereby 
minimizing the concentration of methanol near the enzyme's active site,94 or that the 
carbonyl functional group in ketone may partially modify the configuration of lipase and 
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Figure 4.3 Effect of ketone solvents on methanolysis catalyzed by Candida antarctica lipase. Reaction 
conditions: 1 ml canola oil, 4 ml solvent, 0.075 g (750 U) lipase, 40 °C temperature, 250 rpm stirring. 
1.5 mol equiv. methanol (62 /xl) was added to the reaction system at 0 h, 10 h, respectively. The data for 
decane was employed in this graph for comparison. 
4.3.3 Solvent Effect of Ether 
Figure 4.4 shows the results of biodiesel synthesis based on four solvents in the ether 
group, namely dimethoxyethane, THF, MTBE, and diisopropyl ether. The reaction with 
dimethoxyethane displayed the highest yield of biodiesel (0.667 g/g oil) in this group 
though dimethoxyethane has the strongest polarity (log P = 0.093) among the four solvents. 
This yield was also the second highest among all twenty-eight solvents used in this study, 
only slightly lower to iso-octane. The probable reason may again be attributed to the 
improved miscibility of the solvent with the acyl acceptor, methanol, and/or the effect of 
the ether functional group of dimethoxyethane on enzyme configuration. Even though 
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MTBE possesses three methyl side-chain molecules similar to iso-octane, its 
corresponding biodiesel yield was much lower than the latter. Almost no product was 
detected when THF was used as the solvent suggesting that the enzyme was completely 
inhibited in the presence of THF. This result is in agreement with previous studies on 
lipases from Pseudomonas fluorescens and Candida antarctica, but is in 
contradistinction with that of Candida sp.99-125.96 It indicates that specific biocatalysts 
have distinct tolerances for the same organic solvent with respect to their particular active 
sites. But the reason for the difference is still unclear. The unique heterocyclic structure of 
THF may trigger the deactivation of Candida antarctica lipase. 
Figure 4.4 Effect of ether solvents on methanolysis catalyzed by Candida antarctica lipase. Reaction 
conditions: 1 ml canola oil, 4 ml solvent, 0.075 g (750 U) lipase, 40 °C temperature, 250 rpm stirring. 
1.5 mol equiv. methanol (62 /A) was added into the reaction system at 0 h, 10 h, respectively. 
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4.3.4 Solvent Effect of Alcohols 
Higher alcohols (C2-C5) are normally considered as solvents or cosolvents in enzymatic 
synthesis.'6;>'! 6 Six higher alcohols namely, 1-propanol, iso-propanol, 1-butanol, 
iso-butanol, tert-butanol, and iso-amyl alcohol, were utilized in this study. As shown in 
Figure 4.5, these six alcohols served not only as solvents, but also as acyl acceptors in the 
transesterification reaction with triglyceride. Moreover, the yields of MFAEs such as 
iso-propyl ester and iso-butyl ester, were higher than that of methyl ester, resulting in 
selectivities toward methyl ester of less than 1 as shown in Table 4.2 (selectivity is defined 
as mass of methyl ester to mass of other MFAEs). The a values of these alcohols are lower 
than that of methanol as shown in Table 4.1. The only alcohol that had a selectivity greater 
than 1 was tert-butanol (Table 4.2). Thus, when both methanol and tert-butanol are present, 
the methanolysis reaction is favored. This may be ascribed to the steric hindrance due to 
the presence of the three methyl side groups in tert-butanol (as an acyl-acceptor) compared 
to only one methyl group in methanol. 
Other studies ' indicate that tert-butanol is an excellent solvent m enzymatic 
methanolysis. Nevertheless, our study does not support this conclusion as the yield of 
methyl ester based on tert-butanol (0.442 g/g oil) was much lower than with iso-octane 
(0.831 g/g oil). The experiment was repeated twice and the yields of methyl ester were 
0.435 g/g oil and 0.443 g/g oil. One explanation is that about 20% of the oil was converted 
to tert-butyl ester as shown in Figure 4.5e. An interesting phenomenon was observed when 
methanol was added again at 10 h. The yield of tert-butyl ester initially decreased, which 
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Figure 4.5 Effect of alcohols on methanolysis catalyzed by Candida antarctica lipase, "a, b, c, d, e and 
f" refer to the solvent effect of 1-propanol, iso-propanol, 1-butanol, iso-butanol, tert-butanol, and 
iso-amyl alcohol, respectively. Reaction condition: 1 ml canola oil, 4 ml solvent, 0.075 g (750 U) lipase, 
40 °C temperature, 250 rpm stirring. 1.5 mol equiv. methanol (62 Dl) was added into the reaction 
system at 0 h, 10 h, respectively. 
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 Selectivity of methyl ester to MFAE at 21 h 
If the desired objective in solvent choice is to advance methanolysis without participation 
in the reaction, then these higher alcohols are not appropriate candidates. Considering their 
high reaction activities with triglyceride as shown in Figure 4.5, lipase-catalyzed 
transesterification with alcohols (1-propanol, iso-propanol, 1-butanol, iso-butanol, 
ter/-butanol, and iso-amyl alcohol) were conducted in the absence of methanol (Figure 
4.6). It can be seen that alcohols with side-chain molecular structures have higher yields of 
MFAEs ( >0.9 g/g oil) compared to the linear ones with the exception of tert-butanol. This 
may be attributed to the differences in miscibility with triglyceride. Table 4.1 shows that 
for alcohol molecules with the same carbon numbers, the branched ones have better 
miscibility with triglyceride than the linear isomers as indicated by the lower a values. Two 
traditional substituted acyl-acceptors to methanol, methyl acetate,35 and ethyl acetate, were 
also investigated in this study for comparison. The results in Figure 4.6 indicate that for 
the same reaction conditions, the corresponding MFAE yields (methyl oleate and ethyl 
oleate) are lower. Since methyl- and ethyl acetate are derived from fossil fuels, 1-propanol 
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and 1-butanol are better reagents for synthesis of biodiesel in solvent-free systems due to 


















Figure 4.6 Alcohols and esters as alternative acyl-acceptors in the transesteriflcation of triglyceride 
catalyzed by Candida antarctica lipase. Reaction condition: 1 ml canola oil, 4 nil solvent, 0.075 g (750 
U) lipase, 40 °C temperature, 250 rpm stirring. No methanol was added. 
4.3.5 Effects of Other Common Solvents 
Tests were conducted with acetonitrile as solvent. An obvious phase interface between the 
oil and acetonitrile was observed during the experiment suggesting a high mass transfer 
resistance, which might be the reason for the low yield of biodiesel (0.354 g/g oil, Table 
4.1). Three derivatives, namely tetrachloromethane, 1,2-dichloroethane, and chloroform, 
were also utilized in this study. Unfortunately, very little product was detected (<0.02 g/g 
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oil, Table 4.1). The possible explanation is that the enzyme particles kept floating resulting 
in poor mixing with the reactants. 
4.3.6 Overall View of Solvent Effect on Biodiesel Synthesis 
Solvents have a remarkable influence on the enzyme-catalyzed transesterification of 
triglyceride with methanol, which is not surprising. The yields of biodiesel varied greatly 
from 0.01 g/g oil to 0.831 g/g oil, and the study indicates that iso-octane appears to be the 
best choice based solely on biodiesel yield. 
4.4 Relationship of Solvent Parameters with Enzvme Activity 
As stated earlier, the primary effect of alcohols and esters (methyl acetate and ethyl acetate) 
is to serve as acyl-acceptors rather than as solvents. Thus, these are excluded in the 
following discussion. 
Figure 4.7 exhibits the relationship between log Ps of solvents and the corresponding 
biodiesel yields. Solvents can be classified into two categories i) hydrophobic solvents 
(alkane and cycloalkane) with log P > 3, where the results clearly indicate a positive 
correlation between log P and yield (with the exception of iso-octane). The rational 
explanation is that solvents with higher log P have better miscibility with triglyceride and 
stronger hydrophobicity to protect the enzyme from deactivation; and ii) hydrophilic 
solvents having specific functional groups (>C=0, -O- , -CN, and -CI) with log P G(0,3), 
where a negative correlation is observed between log P and biodiesel yield in general 
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except for certain solvents. This conclusion is in disagreement with previous reports that 
suggest that enzymatic reactions in hydrophilic media result in lower yields." 'l The 
reason for the higher yields in our study may be ascribed to the enhanced miscibility that 
some of these solvents have with methanol,94 which reduces the concentration of methanol 
surrounding the enzyme resulting in lower deactivation of the enzyme. These hydrophilic 
solvents are polar aprotic solvents that do not tend to have a strong tendency to distort the 
water-enzyme interaction.167 In addition, some solvents like MTBE, MIBK, and 
1,2-dichloroethane with very similar log P values but different functional groups have 
obviously distinct biodiesel yields as shown in Figure 4.7. 
The e, 8, and a of every solvent were correlated with the corresponding biodiesel yields in 
Figure 4.8, Figure 4.9, and Figure 4.10, respectively. However, similar to the results 
reported in previous studies,24'28'168 no clear conclusion emerges from these illustrations. 
Particularly in Figure 4.8, some solvents with very similar values of e have quite different 
yields, e.g., iso-octane and octane. Therefore, €, 8, and a do not appear to be reasonable 
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Figure 4.7 Correlation of log Ps of solvents with the corresponding yields of biodiesel. The yellow 
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Figure 4.10 Correlation of a of solvents with the corresponding yields ofbiodiesel. 
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4.5 Effect of Solvent-Cosolvent Mixture on Biodiesel Synthesis 
Based on biodiesel yield, the results from the single solvent study indicate that iso-octane 
appears to be the ideal solvent for the transesterification of canola oil by Candida 
antarctica lipase. This can be attributed to its hydrophobicity and its unique side-chain 
molecular structure containing three methyl groups. Since the volume of iso-octane is 
considerably larger than the amount of methanol present in the reaction medium, it could 
act as a barrier to the hydrophilic methanol molecules readily accessing the enzyme active 
sites and stripping away the active water. At the same time, the role of the hydrophobic 
solvent is to disperse the triglyceride molecules, since they are miscible with each other. 
Meanwhile, relatively high product yield was obtained with several aprotic hydrophilic 
solvents possessing high miscibility with methanol, such as dimethoxyethane, MPPK, and 
acetone. Therefore, with the goal of protecting both enzyme activity and improving the 
miscibility of the two substrates, methanol and triglyceride, solvent-cosolvent mixtures 
consisting of a hydrophobic solvent and a hydrophilic cosolvent were investigated. 
Triglyceride can dissolve into the hydrophobic solvent, and the acyl acceptor, for example 
methanol, is miscible with the hydrophilic cosolvent. In theory, the presence of a small 
amount of hydrophilic cosolvent could enhance the yield of biodiesel by controlling the 
rate of diffusion of methanol to the active site. However, as the amount (volume) of the 
co-solvent is increased and becomes comparable to the amount of the hydrophobic solvent, 
iso-octane may not act as a barrier to the methanol, which could lead to a reduction in the 
yield of biodiesel. 
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In this study, iso-Octane was set as the hydrophobic solvent, and six hydrophilic solvents, 
namely dimethoxyethane, MIPK, tert-butanol, and iso-propanol, acetone, dioxane, whose 
log P values were within the range (-0.234, 0.980), were considered as cosolvents. These 
solvent-cosolvent mixtures replaced pure iso-octane as the reaction medium in the 
enzymatic transesterification reaction, with the aim of enhancing both lipase activity and 
biodiesel yield. The molar ratio of methanol to oil was set at 1.5 in all the trials to reduce 
enzyme deactivation. Thus the maximum yield of biodiesel achievable was 0.5 g/g oil 
(calculation is shown in Appendix B). 
4.5.1 iso-Octane-tert-Butanol Mixture 
Figure 4.11 shows the results for iso-octane-tert-butanol mixtures over a 10 h reaction 
period. The volume percentage of tert-butanol in a total volume of 4 ml (iso-octane plus 
tert-butanol) was varied from 1 to 10%. During the first 5 h, the biodiesel yield with 1% 
tert-butanol was greater than the yield obtained with pure isooctane. After 5 h, the reaction 
yield based on 1% tert-butanol was 0.425 g/g oil, or 85% of the theoretical maximum yield. 
However, above 2.5 vol% tert-butanol, the biodiesel yield decreased with increase in 
tert-butanol concentration. With 10 vol% tert-butanol, the yield after 5 h was only 0.135 
g/g oil, or 27% of the theoretical maximum yield, indicating that enzyme was inhibited by 
tert-butanol at concentrations above 1 vol%. During the period from 5 h to 10 h, the yield 
of biodiesel continued to increase and leveled off at 0.40 g biodiesel/ g oil after 10 h. This 
was true as long as the concentration of tert-butanol was less than 7.5 vol%; the only 
exception was with 10% tert-butanol, which showed a yield of only 0.27 g/ g oil after 10 h. 
Although tert-butanol is also an acyl acceptor, almost no tert-butyl ester was detected in 
67 
this study, which indicates its low reaction activity with triglyceride compared to methanol. 
As stating in Section 4.3.4, the possible reason is ascribed to the steric hindrance due to the 
presence of the three methyl side groups in ter/-butanol compared to only one methyl 










Figure 4.11 Effect of iso-octane—fer/-butanol mixture on methanolysis catalyzed by Candida antarctica 
lipase. iso-Octane is the hydrophobic solvent and tert-butanol is the hydrophilic cosolvent. tert-Butanol 
is mixed with iso-octane in the volume fractions of 0, 1, 2.5, 5, 7.5 and 10% of total mixture (4 ml), 
respectively. Reaction conditions: 750 U lipase, 1 ml canola oil, 1.5 mol equivalent methanol (62 /xl), 
40 °C temperature, 250 rpm stirring. 
The objective of this study was to determine the best cosolvent, by comparing the biodiesel 
yield at different solvent-cosolvent ratios. Figure 4.11 shows that this can be ascertained 
by monitoring the reaction for a period of 3.5 h and there is no need to carry out the reaction 
for longer periods. Hence the reaction time was set at 3.5 h for future runs. 
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Figure 4.12 exhibits the results for iso-octane-tert-butanol mixtures during the initial 3.5 h 
period. The volume percentage of tert-butanol in a total volume of 4 ml (iso-octane plus 
tert-butanol) was varied from 0 to 60 vol%. At 0.5% tert-butanol, the yield of methyl ester 
exceeded 0.40 g/g of oil, which is 1.12 times the value based on pure iso-octane. However, 
biodiesel yield decreased to 78% of the value obtained with pure isooctane when the 
tert-butanol concentration reached 5%, and to 45% at 15% tert-butanol concentration, 
suggesting that the hydrophobic barrier formed with iso-octane was disrupted as the 
concentration of the cosolvent increased, leading to enzyme deactivation. 
No tert-butyl ester was detected at tert-butanol concentrations less than 10 vol% as shown 
in Figure 4.12, which is in agreement with Figure 4.11. At tert-butanol levels of 15 vol% 
and greater there was a noticeable increase in the yield of tert-butyl ester. But this value 
was less than 10% even at 60 vol% tert-butanol, which again indicates the much lower 
reaction activity of tert-butanol with triglyceride compared to methanol. An interesting 
phenomenon was observed at tert-butanol concentrations of 15-60%; the yield of methyl 
ester increased slightly with increase in the yield of tert-butyl ester and then leveled off. A 
possible explanation is that the mass transfer rate of methanol is enhanced in the presence 
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Figure 4.12 Effect of iso-octane-fcrt-butanol mixture on methanolysis catalyzed by Candida antarctica 
lipase. iso-Octane is the hydrophobic solvent and fert-butanol is the hydrophilic cosolvent. tert-Butanol 
is mixed with iso-octane in the volume fractions of 0, 0.5, 1,2.5, 5, 10, 15, 25, 35, 50, and 60% of total 
mixture (4 ml), respectively. Reaction conditions: 750 U lipase, 1 ml canola oil, 1.5 mol equiv. methanol 
(62 fd), 40 °C temperature, 250 rpm stirring. The reaction time is 3.5 h. 
4.5.2 iso-Octane-Dimefhoxyethane Mixture 
The results of methyl ester yield for different iso-octane-dimethoxyethane mixtures after 
3.5 h reaction time are presented in Figure 4.13. The volume percentage of 
dimethoxyethane in iso-octane was varied from 0 to 50%. At low concentrations of 
dimefhoxyethane (less than 5% in the solvent-cosolvent mixture), the difference in methyl 
ester yield between runs with pure iso-octane and with the solvent-cosolvent mix is 
relatively small: methyl ester yield was 0.306-0.336 g/g oil when dimethoxyethane 
concentration was 0.5-5 vol%, whereas with pure iso-octane, the yield was 0.357 g/g oil. 
However, biodiesel yield was drastically reduced to 0.2 g/g oil at 10 vol% 
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dimethoxyethane, and to 0.129 g/g oil at 25 vol% dimethoxyethane, which indicates that 
lipase was deactivated at higher concentrations of dimethoxyethane. 
It is interesting to note that above 35 vol% dimethoxymethane, the yield of biodiesel levels 
off and actually registers a slight increase. This could be attributed to better dispersion of 
methanol in the iso-octane-dimethoxyethane mixture as the concentration of 
dimethoxyethane is increased. However, the biodiesel yield was still only 0.175 g/g oil at 
100% (data not shown) dimethoxyethane, indicating that dimethoxyethane is inferior to 










Figure 4.13 Effect of iso-octane-dimethoxyethane mixture on methanolysis catalyzed by Candida 
antarctica lipase. iso-Octane is the hydrophobic solvent and dimethoxyethane is the hydrophilic 
cosolvent. Dimethoxyethane is mixed with iso-octane in the volume fractions of 0, 0.5,1,2.5, 5,10, 15, 
25, 35, and 50% of total mixture (4 ml), respectively. Reaction conditions: 750U lipase, 1 ml canola oil, 
1.5 mol equivalent methanol (62 /xl), 40 °C temperature, 250 rpm stirring. The reaction time is 3.5 h. 
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4.5.3 iso-Octane-MIPK Mixture 
The results of methyl ester yield for different iso-octane-MIPK mixtures after 3.5 h 
reaction time are presented in Figure 4.14. The volume percentage of MIPK in iso-octane 
was varied from 0 to 50%. Figure 4.14 shows an enhancement in biodiesel yield (0.412 g/g 
oil) at 0.5 vol% MIPK, which is 1.15 times higher than with pure iso-octane. The mean 
biodiesel yield over a MIPK concentration of 0.5-15 vol% was 0.4 g/g oil, which is 1.11 
times than that with pure iso-octane, demonstrating that the addition of MEPK improves 
enzyme activity. The probable reason is increased dispersion of methanol in the 
hydrophilic cosolvent. However, at concentrations of MEPK above 25 vol%, the product 
yield decreased. At 50 vol% MEPK, the yield was only 0.286 g/g oil, indicating that the 
barrier formed by iso-octane was disrupted and that the lipase was deactivated. It is worth 
noting that this yield of 0.286 g/g oil with 50% MIPK was still much higher than with other 
cosolvents at the same volume percentage of 50%, indicating that the tolerance of Candida 
antarctica lipase to MEPK is much better than with other cosolvents. But the reason for this 
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Figure 4.14 Effect of iso-octane-MIPK mixture on methanolysis catalyzed by Candida antarctica 
lipase. iso-Octane is the hydrophobic solvent and MIPK is the hydrophilic cosolvent. MIPK is mixed 
with iso-octane in the volume fractions of 0,0.5,1,2.5, 5,10,15,25,35, and 50% of total mixture (4 ml), 
respectively. Reaction conditions: 750 U lipase, 1 ml canola oil, 1.5 mol equiv. methanol (62 [il), 40 °C 
temperature, 250 rpm stirring. The reaction stopped after 3.5 h. 
4.5.4 iso-Octane-iso-Propanol Mixture 
The results of methyl ester yield for different iso-octane-iso-propanol mixtures after 3.5 h 
reaction time are presented in Figure 4.15. The volume percentage of iso-propanol in 
iso-octane was varied from 0 to 50%. At iso-propanol concentrations less than 1 vol%, the 
yield of methyl ester was very similar to that based on pure iso-octane. Above 1 vol%, the 
biodiesel yield rapidly decreased to 0.14 g/g oil at 10 vol% iso-propanol. At higher 
concentrations of iso-propanol, the methyl ester yield reached a plateau around 0.141 g/g 
oil. In addition to being a solvent, iso-propanol has been confirmed to be a suitable 
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iso-propanol with oil, was detected at iso-propanol concentrations of 0.5 vol%, and 
increased with increase in iso-propanol concentration. The yield of iso-propyl ester 
exceeded the yield of methyl ester at an iso-propanol concentration of 25 vol%, and 
reached a value of 0.263 g/g oil at an iso-propanol concentration of 50 vol%, thus doubling 
the yield of methyl ester. Therefore, the total yield of MFAE (methyl ester plus iso-propyl 
ester) first increased to 0.456 g/g oil at 2.5 vol% iso-propanol, then dropped due to the 
reduction in the yield of methyl ester, and again showed an increase at 10 vol% 
iso-propanol as the yield of methyl ester reached a plateau and the yield of iso-propyl ester 
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Figure 4.15 Effect of iso-octane—iso-propanol mixture on methanolysis catalyzed by Candida 
antarctica lipase. iso-Propanol is mixed with iso-octane in the volume fractions of 0, 0.5, 1, 2.5, 5, 10, 
15,25, 35, and 50% of total mixture (4 ml), respectively. Reaction conditions: 750 U lipase, 1 ml canola 

























Table 4.3 Conversion ratios of iso-propanol to methanol and tert-butanol to methanol 












" Cosolvent refers to iso-propanol and fert-butanol 
Conversion ratio of iso-propanol to methanol: 
„ . ,_. ,Mole of isoPropyl ester, .,Mole of Methyl ester, ,„ ,- . ,,, Conversion ratio = ( — ) / ( ) (Equation 4.3) v
 MoleofisoPropanol Jl v Mole of Methanol J v ^ 
where mole of iso-propyl ester equals mole of iso-propanol converted, and mole of methyl ester 
equals mole of methanol converted. 
c
 Conversion ratio of iso-propanol to methanol (based on equation 4.3) 
The conversion ratios of iso-propanol to methanol and tert-butanol to methanol at the end 
of the run were calculated for different cosolvent concentrations, and are listed in Table 
4.3. The conversion ratio of iso-propanol to methanol is lower than 1 and decreases with 
increase in iso-propanol concentration. But the conversion ratio based on iso-propanol is 
still much higher than that with tert-butanol, illustrating that the reaction selectivity of 
Candida antarctica lipase towards iso-propanol (as an acyl acceptor) is lower than 
methanol, but much higher than tert-butanol. This may be attributed to steric hindrance of 
the acyl acceptor molecule. For instance, methanol has only one methyl side-chain, -CH3; 
while iso-propanol has two and tert-butanol has three (Figure 4.16). Hence the steric 
hindrance is methanol < iso-propanol < tert-butanol. 
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Figure 4.16 Molecular structures of methanol, iso-propanol, and tert-butanol 
Reaction results based on iso-octane-iso propanol reaction media at iso-propanol 
concentrations of 1,2.5 and 5 vol% over a period of 10 h are shown in Figure 4.17. During 
the initial 5 h period, both the highest yields of methyl ester and total MFAE (methyl plus 
iso-propyl ester) were obtained with 1 vol% iso-propanol. However, during the period 
from 5 to 10 h, an interesting phenomenon was observed. The combined yield of methyl 
and iso-propyl ester (MFAE) showed a dramatic increase, reaching a value of 0.766 g /g oil 
at 10 h at an iso-propanol concentration of 2.5 vol%. The amount of iso-propyl ester is 
comparable to methyl ester, and the conversion ratio of isopropanol to methanol added up 
to 0.858, 1.7 times the value of 0.495 at 3.5 h (see Table 4.4). The total molar equivalent of 
the two alcohols (methanol plus iso-propanol) in the reaction with 2.5% iso-propanol 
equals 1.88. Compared to the reaction based on pure isooctane with 3 molar equivalent 
methanol, which had a yield of 0.14 g/g oil at 10 h (Figure 4.2), a much higher yield is 
obtained at the same time in the reaction containing methanol and iso-propanol. This may 
be attributed to the reduction in loss of enzyme activity when lipase is exposed to 
iso-propanol since it possesses higher hydrophobicity than methanol (see log P in Table 
4.1); the methanol is also better dispersed in iso-propanol. Biodiesel is considered as a 
mixture of MFAEs from various alcohols.2'7'169 Hence, alcohol mixtures containing both 
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methanol and a higher alcohol may be a better way to enhance product yield for biodiesel 
synthesis. The resulting product also has a higher energy density. 
Figure 4.17c shows that the total yield of MFAE however decreases as the concentration 
of iso-propanol as a cosolvent is increased. At 5 vol%, the yield of MFAE is reduced to 
0.487 g/g oil after 10 h. It is clear that there is an optimum ratio for solvent-cosolvent, and 
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Figure 4.17 Effect of iso-octane-iso-propanol mixture on methanolysis catalyzed by Candida 
antarctica lipase. iso-Propanol is mixed with iso-octane in the volume fraction of 1, 2.5, and 5% of total 
mixture (4 ml), respectively. Reaction conditions: 750 U lipase, 1 ml canola oil, 1.5 mol equiv. methanol 
(62 jA), 40 °C temperature, 250 rpm stirring. The reactions were stopped after 10 h. 
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Table 4.4 Conversion ratios of iso-propanol to methanol based on different cosolvent 














 Conversion ratio of iso-propanol to methanol at 3.5 h (based on equation 4.3) 
Conversion ratio of iso-propanol to methanol at 10 h (based on equation 4.3) 
The transesterification reaction based on iso-octane-acetone and iso-octane-dioxane 
mixtures were also investigated. However, at either 10% acetone or 10% dioxane, the 
biodiesel yield was less than 0.05 g biodiesel/ g oil, or 10% of the theoretical maximum 
yield, indicating that lipase activity was severely inhibited. Hence, neither acetone nor 
dioxane is appropriate cosolvents. 
4.5.5 Overall View in Effect of Solvent D Cosolvent Mixture 
Solvent-cosolvent mixtures have significant influence on the lipase-catalyzed 
transesterification reaction. At low cosolvent concentrations, the yield of biodiesel could 
enhance compared to the reaction with pure iso-octane due to the enhanced dispersion of 
methanol with the cosolvent. Such as the reactions based on iso-octane DMIPK with MIPK 
concentration less than 15%. However, when the concentration of the hydrophilic 
cosolvent is increased, the yield of biodiesel is greatly reduced, suggesting that the 
protection of lipase by the hydrophobic solvent is terminated, thereby resulting in enzyme 
deactivation. The hydrophobicity and hydrophilicity of reaction media depends on the 
polarity of the solvent. In order to explore the relationship between polarity of the mixture 
and enzyme activity, log P (partition coefficient) was correlated with biodiesel yield. 
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4.6 Relationship of log P , ^ with Enzvme activity 
As discussed in Section 4.4, log P appears to be a reasonable parameter to assess solvent 
effects on enzyme activity. In this section, it is used again to explore the potential 
correlation of solvent-cosolvent reaction media with MFAE yield. As stated in Section 
2.5.1, for mixtures of two compounds, the polarity can be quantitatively estimated by 
log Pmix = *a * log Pa + xb * log Pb (Equation 2.2) 
Thus, one can define a log PmjX for each solvent-cosolvent mixture by the following 
equation: 
log Pmix = xso] * log Psol + xcos * log Pcos (Equation 4.4) 
where log Pso] and log Pcos refer to the log P values of solvent and cosolvent; while xsoi and 
xcos denote the mole fractions of solvent and cosolvent, respectively, log P values of each 
mixture were correlated with the corresponding relative MFAE yields, as shown in Figure 
4.18. The relative MFAE yield for every solvent-cosolvent mixture equals the MFAE 
yield divided by the corresponding yield based on pure iso-octane. It is worth to note that in 
Figure 4.18b, the MFAE yield equals methyl ester plus iso-propyl ester for the 
iso-octane-iso-propanol mixture, and equals methyl ester plus tert-butyl ester for the 
iso-octane-tert-butanol mixture. 
Results for the cosolvents MIPK and dimethoxyethane were integrated in Figure 4.18a, 
where only methyl ester was produced in biodiesel synthesis. It is observed that the relative 
biodiesel yield remains relatively flat and then shows an increase as the hydrophobicity of 
the solvent D cosolvent mix increases. For MIPK, the relative biodiesel yield surpasses 1 in 
the log Pmix interval of 3.0 to 3.6, demonstrating that lipase activity improves with some 
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MIPK addition; while for dimethoxyethane, the results show no synergy suggesting that 
the addition of dimethoxyethane to iso-octane has a negative effect on the enzyme activity. 
The results of iso-propanol and tert-butano\ are shown in Figure 4.18b. Two log Pm,;x 
intervals form in terms of the trends i) log Pm,;x € (1.45, 3.05), in which the relative MFAE 
yield slowly decreases with increase in log Pmjx, on account of the reduction in yields of 
iso-propyl ester and tert-butyl ester from the decrease in the amounts of iso-propanol and 
tert-butanol added; ii) log Pmjx £ (3.05, 3.65) where the relative MFAE yield rapidly 
increases, because of the increase in the amount of methyl ester produced from increase in 
lipase activity. For tert-butanol, a relative MFAE yield above 1 only occurs in the range 3.5 
< log Pmjx < 3.6; while for iso-propanol it emerges in two intervals, 1.4 < log PmjX < 2.0 and 
3.3 < log Pmix < 3.6. Notably, a large amount of iso-propyl ester is produced in the first 
interval. 
It is evident from Figure 4.18a and b that lipase displays diverse catalytic behavior in the 
presence of different solvent-cosolvent mixtures with similar log Pm;x values. For example, 
the relative MFAE yields are quite different in iso-octane-MIPK compared to 
iso-octane-dimefhoxyethane at a log PmjX value of 3.2. A similar effect was also reported in 
Su and Wei's investigation.94 This suggests that log Pm;x cannot completely express the 
influence of specific solvents or cosolvents on enzyme activity. This is not surprising since 
log P is solely an indicator of polarity of the solvent. Other factors such as the functional 
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Figure 4.18 Correlation of log P , ^ of solvent—cosolvent mixtures with the relative MFAE (mono fatty 
acid ester) yields. 
Finally, it can be observed from Figure 4.18 that there is a rapid improvement in lipase 
activity when log Pmix is in the range 3.0 to 3.5 for all solvent-cosolvent media, which is in 
agreement with Laane et al's findings28 that the enzyme activity varies in solvents having 
log P 6 (2, 4) in general, since the capacities of solvents to distort the water-enzyme 
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interaction are changing severely over this log P interval. Therefore, the reasonable log 
Pmix range for solvent-cosolvent mixtures is >3.5 in the transesterification of canola oil 
catalyzed by Candida antarctica lipase (for MIPK the feasible log Pm.;x is between 3.0 and 
3.6 since the relative MFAE yield exceeds 1), indicating that this enzymatic 
transesterification should perform in a hydrophobic solvent medium to obtain relatively 
high biodiesel yield. But for iso-propanol the log Pm]X can be in the range 1.4 < log Pm,x < 
2.0 if iso-propyl ester is the desired product. 
4.7 Effect of Water Addition 
Addition of water can improve enzyme activity by changing the conformation of lipase 
molecules. However, as stated in Section 2.4.3(d), the appearance of water m this 
particular reaction will trigger the hydrolysis of esters competing with the 
transesterification reaction. Therefore, there may be an optimum water content to promote 
the transesterification reaction while not favoring the hydrolysis reaction. 
In this study, the reaction was performed with different water content (0, 0.25, 0.5,1, 2.5%, 
5, 7.5, and 10%) based on the volume of canola oil added (1 ml). The biodiesel yields at 1.5 
h and 4 h were correlated with the corresponding water content in Figure 4.19. It shows 
that even with a water content of 0.25%, the biodiesel yield after 4 h was drastically 
reduced to 0.182 g/g oil from 0.257 g/g oil, the biodiesel yield with no water addition. 
Almost no product was detected at a water content of 5%. This indicates that water 
intensely inhibits enzyme activity for transesterification reaction even at very small 
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concentrations. The result is in agreement with previous investigations based on Candida 
antarctica l ipase,^ ' but not with other lipases such as Thermomyces lanuginosus," 
Candida sp.99-125, ,v& Rhi zopus orzyae, Pseudomonas fluorescens^ and Pseudomonas 
cepacia, illustrating that the effect of water addition on enzyme activity is different for 
different enzyme strains. According to the result, any water in the reaction media should be 
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Figure 4.19 Effect of water content on the enzymatic methanolysis. Reaction conditions: 0.075 g 
Candida antarctica lipase, 1 ml canola oil, 1.5 mol equiv. methanol (62 /d), 40 °C temperature, 250 rpm 
stirring. The water content (%) is based on the volume of oil. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
In this thesis, the effects of organic solvents, cosolvents, as well as water on the activity of 
Candida antarctica lipase in the transesterification of canola oil for biodiesel synthesis 
were investigated. Twenty-eight hydrophobic and hydrophilic solvents with distinct 
functional groups were investigated. The results indicate that the biodiesel yield based on 
specific solvents vary dramatically from 0.01 g/g oil to 0.831 g/g oil, with hydrophobic 
iso-octane appearing to be the best solvent. This demonstrates that high enzyme activity is 
maintained in the hydrophobic solvent. Besides, reactions based on several hydrophilic 
solvents, such as dimethoxyethane and MIPK, also exhibited relatively high biodiesel 
yields (0.50-0.66 g/g oil), since the hydrophilic solvents have better miscibilities with 
methanol compared to the hydrophobic ones. 
The transesterification reaction depends both on lipase activity and mass transfer. Thus, in 
order to further enhance the biodiesel yield, a solvent-cosolvent mixture was established 
comprising of a hydrophobic solvent and a hydrophilic cosolvent. This combination in 
principle should lead to better solubilities of triglyceride and methanol in the mixture, 
while minimizing the active water being stripped from the enzyme's active sites. 
iso-Octane was chosen as the solvent, and six hydrophilic solvents were selected as the 
cosolvents, respectively. The results showed that at low cosolvent concentrations, the yield 
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of biodiesel can increase due to the enhanced dispersion of methanol with the cosolvent, 
e.g. iso-oetaneGMEPK mixture with MEPK concentration <15 %; while at higher cosolvent 
concentrations, lipase was intensely deactivated resulting in the reduction of biodiesel 
yield. 
In the study of solvent effects on biodiesel synthesis, four solvent parameters relating to 
hydrophobicity (log P), polarity (e), and solubility (8 and a) were correlated with the 
corresponding biodiesel yield to explore the correlation of solvent parameters with enzyme 
activity. In the case of hydrophobic solvents such as alkanes and cycloalkanes, there 
appears to be a positive correlation between biodiesel yield and increasing log P values 
(iso-octane being an exception); while for hydrophilic solvents, a negative correlation 
between log P and biodiesel yields was observed. For e, 5, and a, no clear-cut correlation 
was observed. In the study of solventDcosolvent mixtures, log Pmix, the mean log P of 
solvent and cosolvent, was employed to correlate with biodiesel yield. The results showed 
that lipase activity rapidly increases with increase in log P over the range of log P G (3.0, 
3.5), suggesting that lipase-catalyzed biodiesel synthesis should be conducted in a 
hydrophobic solvent media to obtain high yields. It was also observed that solvents or 
solventD cosolvent mixtures with similar log P values can have quite different biodiesel 
yields. This implies that other factors, such as functional groups, may also have an effect 
on enzyme activity. 
The effect of water content on the enzymatic transesterification was studied, which showed 
that Candida antarctica lipase activity was severely inhibited even at a water content of 
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0.25%. Thus, any water in the reaction media should be removed to maintain the activity of 
Candida antarctica lipase in the transesterification reaction. 
Higher alcohols exhibited the potential to serve both as acyl acceptors and as solvents, 
similar to methyl and ethyl acetate. Moreover, higher yields of MFAE were obtained with 
these alcohols compared to methyl and ethyl acetate. If higher alcohols are used as 
cosolvents, the total yield of biodiesel (as mono fatty acid esters) can be enhanced. 
5.2 Recommendations 
Three recommendations are proposed: 
i) Ethanol mixing with methanol: higher alcohol can be employed as the acyl-acceptor 
in the transesterification reaction. Section 4.5.4 shows that in enzymatic methanolysis, 
when iso-propanol was added to the reactor, the reaction had a higher yield of MFAE 
(methyl ester plus iso-propyl ester) than that with methanol alone. However, as shown in 
Section 4.5.4, the selectivity towards iso-propyl ester compared to methyl-ester is lower 
because of the steric hindrance of iso-propanol. Therefore, ethanol, a higher alcohol with 
low steric hindrance might be a promising acyl acceptor to mix with methanol. 
ii) Cross linked enzyme aggregate (CLEA) and nano-supported lipase: enzyme 
immobilization is an interesting area in enzymatic transesterification. As stating in 
Section 2.4.3 and 2.4.4, CLEA and nano-supported enzymes appear to be promising. 
Compared to traditional enzyme supports, nanomaterials can provide a much greater 
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surface/volume ratio for enzyme attachment. Its size can be uniformly controlled at 
nanometer scales, which is similar with the size of enzyme molecules. After reaction, it 
can be simply separated from the reaction media in an external magnetism. For CLEA, no 
enzyme carrier is needed. The preparation procedure for CLEA includes two simple steps, 
precipitation and cross-linking. Furthermore, this preparation procedure also incorporates 
the purification step so that CLEA with high purity can be achieved from the crude 
enzyme. So far, several lipases have been successfully immobilized to form CLEAs and 
nano-supported enzymes. But there are few articles to report the application of these 
catalysts in biodiesel synthesis. So these areas might be interesting. 
iii) Ionic liquids: ionic liquids have been used as the solvent in base/acid/lipase catalyzed 
biodiesel production. But the high cost of ionic liquids makes it hard to replace organic 
solvents. Recently, ionic liquid catalysts for biodiesel synthesis were established by 
adding either Bronsted acid sites or Lewis acid sites to the cation or anion of ionic liquids. 
But no one has added both Bronsted and Lewis acid sites to a single ionic liquid. It is 
known that the Bronsted acid site has activity to catalyze the esterification reaction, while 
Lewis acid site can catalyze the transesterification reaction. Thus, an ionic liquid 
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PREPARATION OF CALIBRATION CURVES 
As stating in Section 3.4, in this thesis methyl oleate was considered as the biodiesel 
standard (ethyl oleate is the standard of ethyl ester) for the GC analysis. The hydrophobic 
iso-octane was selected as the diluent to mix with methyl oleate (or ethyl oleate) in order to 
get the methyl oleate (or ethyl oleate) solutions with different concentrations. 
The primary procedure to prepare the calibration curves is as follows: 
20 fi\ methyl oleate was added into 2 ml pure iso-octane to get the "specimen 0". The 
weight of methyl oleate and iso-octane were determined by the electronic scale, and the 
mass concentration of methyl oleate in specimen 0 is calculated by the following equation: 
W0 = —- (Equation A.l) 
'0 
where Wo (g/g) refers to the mass concentration of methyl oleate, and MO and Io denote the 
weights (g) of methyl oleate and iso-octane in specimen 0. 
After adequate shaking of specimen 0 (to mix methyl oleate with iso-octane), 0.8 ml 
mixture was extracted and then blend with 1 ml pure iso-octane, to get the "specimen 1". 
1 ml mixture was extracted from "specimen 1" and then mix with 1 ml pure iso-octane to 
get the "specimen 2". 
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1 ml mixture was extracted from "specimen 2" and then mix with 1 ml pure iso-octane to 
get the "specimen 3". 
1 ml mixture was extracted from "specimen 3" and then mix with 1 ml pure iso-octane to 
get the "specimen 4". 
The weights of all mixtures and iso-octane were measured by the electronic scale, and the 
mass concentrations of specimen 1 - 4 were calculated by Equation A.2: 
W i = ^ i - i* m i (Equation A.2) 
where Wj (g/g) and WM (g/g) refer to the mass concentrations of the specimen i and 
specimen i-1, respectively; m; (g) means the weight of mixture extracted from the 
specimen i-1; and Ij (g) denotes the weight of iso-octane added into the specimen i. For 
example, for the specimen 1, Wi and Wo refer to the mass concentrations of the specimen 1 
and specimen 0, respectively; mo equals the weight of the 0.8 ml mixture extracted from 
specimen 0; and Ii represents the weight of 1 ml pure iso-octane added into specimen 1. 
30 (ii samples were extracted from the specimen of 1 - 4 for the GC analysis. The peaks of 
methyl ester were then obtained like shown in Figure 3.1. The areas of these peaks were 
integrated by the software of Origin. Eventually, these area values were correlated with the 
corresponding mass concentrations to the calibration curve as shown in Figure A.1 and 
Figure A.2. In this study, the calibration curve was established every one week, with R > 
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Figure A.1 The calibration curve for methyl oleate (MO) 
6x10 




y = 9.984* 10'14*x 




• "— i ' ' — i — 
P 
' 
' l ' 
0.0 .10 4.0x10 8.0x10' 
Area of EO Peak (mV) 
1.2x10' 
Figure A.2 The calibration curve for ethyl oleate (EO) 
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APPENDIX B 
CALIBRATION OF BIODIESEL YIELD 
Four assumptions were proposed in this thesis as follows: i) the calculation of methyl ester 
and ethyl ester were according to methyl oleate and ethyl oleate. Thus, the molecular 
weights of methyl ester and ethyl ester were 296.49 g/mol and 310.49 g/mol; ii) the 
calculation of triglyceride was according to triolein, so the molecular weight of triglyceride 
was 885.4 g/mol; iii) the density of canola oil was 0.91 g/ml in terms of ref.171; iv) The 
calculation of other MFAEs, such as propyl ester, iso-propyl ester, butyl ester, iso-butyl 
ester, tert-butyl ester, and iso-amyl ester, were based on the calibration curve of methyl 
oleate. 





Molar weight 885.43 
CH3-OOC-R! 
Catalysis 
3 CH3OH *• CH3-OOC-R2 
CH3-OOC-R3 







Molar ratio 1 
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Therefore, in this thesis as the molar ratio of methanol to oil equals 3, the ideally maximal 
yield of methyl ester equals (296.49 g/mol * 3 mol) / (885.43 g/mol * 1 mol) = 1.0; and as 
the molar ratio of methanol to oil equals 1.5, the ideally maximal yield of methyl ester 
equals (296.49 g/mol * 1.5 mol) / (885.43 g/mol * i mol) = 0.5. 
In this study, the oil added to each reaction is 1 ml (0.91 g). As the molar ratio of methanol 
to oil equals 1.5: 
^Triglyceride - 0.91 g / 885.43 g/mol = 0.001 mol 
nMethanol = 0.001 mol * 1.5 = 0.0015 mol 
mMethanol = 0.0015 mol * 32.04 g/mol = 0.0494 g 
vMethanol = 0.0494 g / 0.7918 g/ml = 62 jil 
similarly, as the molar ratio of methanol to oil equals 3, methanol added to the reaction is 
0.0988 g (144 ill). In the study of solvent effect (Section 4.3), the volume of solvent added 
is 4 ml, the corresponding weight was calculated by the density. In study of the 
solventDcosolvent mixture (Section 4.4), the volume of solvent and cosolvent is based on 
their volume ratio; for example, in the iso-octaneDiso-propanol mixture with the 
iso-propanol content of 15 vol%, the volumes of iso-octane and iso-propanol are 3.4 ml 
and 0.6 ml. The corresponding weights were calculated by their densities. In the study of 
water addition, the volume of water added is depending on the volume of oil (1 ml); for 
instance, as the water content is 10 vol%, the water added is 0.1 ml. The corresponding 
weight was calculated by the water density at 25 °C (0.997 g/ml172). 
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The primary procedure of calculating the biodiesel yield is shown based on the 
experimental data of iso-octane Diso-propanol mixture (85:15, v/v): 
The materials added into the reactor: 
Candida antarctica Lipase (Novozyme 435) = 0.0751 g 
Canola Oil-0.9132 g 
Methanol = 0.0497 g 
iso-Octane = 2.341 g 
iso-Propanol = 0.4716 g 
At 3.5h, two 30 fi\ samples were extracted from the reactor and diluted with 1 ml pure 
iso-octane to get the specimen for GC analysis. For example, to the 1st specimen: 
30 fil sample = 0.0215 g 
1 ml iso-octane = 0.6847 g 
1 /zl solution was extracted from the specimen by a syringe with a scale of 10 /xl and then 
was injected into the GC for analysis. In this reaction, both methyl ester and iso-propyl 
ester were produced. As stating in Appendix A, the areas of their peaks were integrated by 
Origin: 
area of methyl ester peak = 1.11*1010 mV 
area of iso-propyl ester peak = 9.87*109 mV 
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the mass concentrations of methyl ester and iso-propyl ester are calculated by the 
calibration curve: 
y= 1.007* 10"13 *x 
where y (g/g) refers to the mass concentration of biodiesel, and x (mV) means the area of 
biodiesel peak. 
thus, in 1 JX\ solution: 
mass concentration of methyl ester = 1.007* 10~13* l.ll*101 0mV= 1.118*10"3 g/g 
mass concentration of iso-propyl ester = 1.007*10"13 * 9.87*109mV = 9.939*10~4 g/g 
then, in the specimen: 
mass concentration of methyl ester = 1.118*10~3 g/g * (0.0215 g + 0.6847 g) / 0.0215 g = 
3.672* 10"2 g/g 
mass concentration of iso-propyl ester = 9.939*10"4 g/g * (0.0215 g + 0.6847 g) / 0.0215 g 
= 3.265*10~2g/g 
total amount of reagents in the reactor = 0.9132 g + 0.0497 g + 2.341 g + 0.4716 g = 3.7755 
g 
thus, in the reactor: 
amount of methyl ester produced = 3.672*10~2 g/g * 3.7755 g = 0.139 g 
amount of iso-propyl ester produced = 3.265*10"2 g/g * 3.7755 g = 0.123 g 
eventually: 
methyl ester yield = 0.139 g / 0.9132 g = 0.152 g/g 
iso-propyl ester yield = 0.123 g / 0.9132 g = 0.135 g/g 
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In the following tables, "Time" refers to the reaction time (h), and "Yield" denotes the 
biodiesel yield (g/g oil) 
i) Effect of Solvent on Biodiesel Synthesis 
Table A.l Time course of biodiesel yield based on the solvents from alkane and 



























































































Table A.2 Time course of biodiesel yield based on 3 ml, 4 ml, and 5 ml iso-octane 































































 "3 ml" 
b
 "4 ml" 
c
 "5 ml" 
refers to the 3 ml iso-octane (every 1.5 equiv. methanol was added at 0 h and 10 h) 
refers to the 3 ml iso-octane (every 1.5 equiv. methanol was added at 0 h and 10 h) 
refers to the 3 ml iso-octane (every 1.5 equiv. methanol was added at 0 h and 10 h) 
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d c 
'4 ml (MeOH once)" refers to the 3 mi iso-octane (3 equiv. methanol was added initially) 
Table A.3 Time course of biodiesel yield based on the solvents from ketone (corresponding 





























































































Table A.4 Time course of biodiesel yield based on the solvents from ether (corresponding 





























































Table A.5 Time course of biodiesel yield based on propanol (corresponding to Figure 4.5a) 


























 "ME yield" refers to the yield of methyl ester from methanol (g/g oil) 
"Propyl-E yield" means the yield of propyl ester from propanol (g/g oil) 
0
 "Total MFAE yield" represents the total yield of methyl ester plus propyl ester (g/g oil) 
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Table A.6 Time course of biodiesel yield based on iso-propanol (corresponding to Figun 
4.5b) 
Time ME yield" iso-Propyl-E yield* Total FAME yiehf 
0 0.001 0.001 0.001 
3.63 0.088 0.314 0.402 
5 0.099 0.447 0.546 
10 0.085 0.657 0.742 
12 0.105 0.672 0.777 
21 0.117 0.768 0.885 
a i 
'ME yield" refers to the yield of methyl ester from methanol (g/g oil) 
;
'iso-Propyl-E yield" means the yield of iso-propyl ester from iso-propanol (g/g oil) 
'Total MFAE yield" represents the total yield of methyl ester plus iso-propyl ester (g/g oil) 





























"ME yield" refers to the yield of methyl ester from methanol (g/g oil) 
"Butyl-E yield" means the yield of iso-propyl ester from butanol (g/g oil) 
"Total MFAE yield" represents the total yield of methyl ester plus butyl ester (g/g oil) 
Table A.8 Time course of biodiesel yield based on iso-butanol (corresponding to Figure 
4.5d) 
Time ME yield" iso-Butyl-E yield* Total FAME yieldc 
0 0.002 0.002 0.002 
3 0.019 0.260 0.279 
5 0.025 0.399 0.424 
10 0.039 0.638 0.677 
12.1 0.050 0.667 0.717 
21.1 0.071 0.841 0.913 
"ME yield" refers to the yield of methyl ester from methanol (g/g oil) 
"iso-Butyl-E yield" means the yield of iso-propyl ester from iso-butanol (g/g oil) 
"Total MFAE yield" represents the total yield of methyl ester plus iso-butyl ester (g/g oil) 
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Table A.9 Time course of biodiesel yield based on tert-butmol (corresponding to Figure 
4.5e) 


























 "ME yield" refers to the yield of methyl ester from methanol (g/g oil) 
"tert-Butyl-E yield" means the yield of iso-propyl ester from tert-butanol (g/g oil) 
c
 "Total MFAE yield" represents the total yield of methyl ester plus tert-b\Ay\ ester (g/g oil) 
Table A. 10 Time course of biodiesel yield based on iso-amyl alcohol (corresponding to 
Figure 4.5f) 

























 "ME yield" refers to the yield of methyl ester from methanol (g/g oil) 
"iso-Butyl-E yield" means the yield of iso-amyl ester from iso-amyl alcohol (g/g oil) 
c
 "Total MFAE yield" represents the total yield of methyl ester plus iso-amyl ester (g/g oil) 
Table A. 11 Time course of mono fatty acid ester (MFAE) yield based on different alcohols 

























































































































































































ii) Effect of Solvent-Cosolvent Mixture on Biodiesel Synthesis 
Table A. 13 Time course of biodiesel yield based on the iso-octaneDtert-butanol mixture 















































































Table A. 14 MFAE yield based on the iso-octaneD tert-butanol mixture with various 
ter/-butanol percentage at 3.5 h (corresponding to Figure 4.12) 

























































" cosolvent percentage in the solvent—cosolvent mixture 
methyl ester yield (g/g oil) b 
fen'-butyl ester yield (g/g oil) 
' total MFAE (methyl ester plus 
log P of the sol vent U cosolvent mixture 
s tert-buty\ ester) yield (g/g oil) 
Table A. 15 Biodiesel yield based on the iso-octaneD dimethoxyethane mixture with 
various dimethoxyethane percentage at 3.5 h (corresponding to Figure 4.13) 
dimethoxyethane ME" log Pmix 
0 0.357 3.668 
0.50% 0.313 3.639 
1% 0.306 3.611 
2.50% 0.318 3.527 
5% 0.336 3.390 
10% 0.201 3.129 
15% 0.171 2.881 
25% 0.129 2.425 
35% 0.130 2.014 
50% 0.181 1.468 
100% 0.175 0.093 
" biodiesel (methyl ester in here) yield (g/g oil) 
Table A. 16 Biodiesel yield based on the iso-octaneDMTPK mixture with various MIPK 
percentage at 3.5 h (corresponding to Figure 4.14) 
Methyl iso-propyl ketone (MIPK) ME° log F^x 
0 0.357 3.668 
0.50% 0.412 3.647 
1% 0.399 3.627 



















" biodiesel (methyl ester in here) yield (g/g oil) 
Table A. 17 MFAE yield based on the iso-octaneG iso-propanol mixture with various 
























































" methyl ester yield (g/g oil) 
iso-propyl ester yield (g/g oil) 
c
 total MFAE (methyl ester plus iso-propyl ester) yield (g/g oil) 
Table A. 18 Time course of biodiesel yield based on the iso-octaneD iso-propanol mixture 
with various iso-propanol percentage (corresponding to Figure 4.17) 
5% 


































































 "ME yield" refers to the yield of methyl ester from methanol (g/g oil) 
"iso-Propyl-E yield" means the yield of iso-propyl ester from iso-propanol (g/g oil) 
"" "Total MFAE yield" represents the total yield of methyl ester plus iso-propyl ester (g/g oil) 
Table A. 19 Biodiesel yield based on the iso-octane-acetone mixture with various acetone 
percentage at 3.5 h (corresponding to Figure 4.18) 
acetone ME" log P mix 
0 0.259 3.668 
0.50% 0.185 3.629 
1% 0.247 3.591 
2.50% 0.158 3.480 
5% 0.090 3.303 
10% 0.028 2.979 
15% 0.023 2.689 
25% 0.017 2.193 
35% 0.015 1.784 
50% 0.018 1.288 
" biodiesel (methyl ester in here) yield (g/g oil) 
Table A.20 Biodiesel yield based on the iso-octane-dioxane mixture with various dioxane 
percentage at 3.5 h (corresponding to Figure 4.19) 
dioxane ME" log Pmix 
0 0.259 3.668 
0.50% 0.234 3.63 
1% 0.239 3.593 
2.50% 0.203 3.483 
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5% 0.198 3.305 
10% 0.043 2.974 
15% 0.047 2.67 
25% 0.083 2.133 
35% 0.082 1.671 
50% 0.069 1.09 
biodiesel (methyl ester in here) yield (g/g oil) 
iii) Effect of Water Addition 
Table A.21 Effect of water content on the enzymatic transesterification for biodiesel 





























 Biodiesel (methyl ester in here) yield after the reaction time of 1.5 h (g/g oil) 
Biodiesel (methyl ester in here) yield after the reaction time of 4 h (g/g oil) 
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